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Abstract 
As the significant impacts of climate change on environment conditions have 
become more obvious, there has been a consequent increase in the desire to use more 
natural energy resources to provide indoor thermal comfort, displacing use of fossil 
fuels for this purpose. The building sector is the one of the largest energy using 
sectors. Recently the necessity of reducing energy consumption and increasing 
energy efficiency in buildings, especially dwellings, has led to various definitions of 
low energy and zero energy buildings. Increasingly in the last decade, researchers 
have shown interest in monitoring, investigating and analysing the performance of 
zero energy dwellings enhanced with passive solar strategies and/or renewable 
energy technologies to understand how these buildings perform in different 
operational conditions.  In this research the possibility of a net zero energy house in 
south east Queensland, Australia in its first full year of occupancy is investigated. 
Field measurements during building operation are presented and compared with 
national standards and simulated performance on an annual and seasonal basis. The 
thermal comfort conditions of the main living room (mechanically cooled) and a 
child’s bedroom (mechanically heated) are discussed and compared with the 10 star 
scale rating scheme for Australian residential buildings. An adaptive comfort 
psychometric chart was developed for this analysis.  The house’s capacity for the use 
of the natural ventilation is studied. A three dimensional model of the house is 
created and simulated in a hot day in 2013, when no ceiling fan or air conditioner 
was used. The energy services used by the household were monitored, creating an 
energy demand profile that was compared with the energy generation profile from 
the photovoltaic system.  The net energy balance of the house was assessed on a 
daily, monthly and yearly basis, for electrical services (all stationary energy services 
of the house with the exception of water heating for the kitchen and laundry, supplied 
by a gas). The house met the definition of net zero energy on an annual and monthly 
basis for lighting, cooking and space heating / cooling and for 70% of days for 
lighting, hot water and cooking services.  
Table of Contents 
Keywords .................................................................................................................................................i 
Abstract .................................................................................................................................................. ii 
List of Figures ......................................................................................................................................... v 
List of Tables .........................................................................................................................................vi 
List of Abbreviations ............................................................................................................................ vii 
Statement of Original Authorship ....................................................................................................... viii 
Acknowledgements ................................................................................................................................ix 
CHAPTER 1: INTRODUCTION ....................................................................................................... 1 
1.1 Background .................................................................................................................................. 1 
1.2 Context ......................................................................................................................................... 3 
1.3 Research question and objectives................................................................................................. 3 
1.4 Significance ................................................................................................................................. 4 
1.5 Thesis outline ............................................................................................................................... 4 
CHAPTER 2: LITERATURE REVIEW ........................................................................................... 7 
2.1 Thermal comfort conditions ......................................................................................................... 7 
2.1.1 Thermal comfort definition ............................................................................................... 7 
2.1.2 Adaptive thermal comfort ................................................................................................. 9 
2.1.3 Australian thermal comfort standards ............................................................................... 9 
2.1.4 Related studies ................................................................................................................ 11 
2.2 The impact of air movement ...................................................................................................... 15 
2.2.1 Air movement and natural ventilation ............................................................................ 15 
2.2.2 Computational Fluid Dynamics ...................................................................................... 17 
2.2.3 Related studies ................................................................................................................ 17 
2.3 Energy efficient buildings .......................................................................................................... 21 
2.3.1 Low energy buildings ..................................................................................................... 21 
2.3.2 Zero energy buildings ..................................................................................................... 22 
2.3.3 Australian energy rating scheme ..................................................................................... 23 
2.3.4 Related studies ................................................................................................................ 23 
2.4 Chapter summary ....................................................................................................................... 27 
CHAPTER 3: METHODOLOGY AND THE CASE STUDY ....................................................... 29 
3.1 The case study house ................................................................................................................. 29 
3.2 Climate zone .............................................................................................................................. 31 
3.3 Star band system and simulation model ..................................................................................... 32 
3.4 Thermal and energy simulation .................................................................................................. 33 
3.4.1 Thermal and energy evaluation approach ....................................................................... 33 
3.5 Natural ventilation simulation .................................................................................................... 34 
3.5.1 Natural ventilation approach ........................................................................................... 34 
3.5.2 Meshing resolution ......................................................................................................... 37 
3.5.3 Boundary conditions ....................................................................................................... 38 
3.6 Study constraints ........................................................................................................................ 39 
CHAPTER 4: CASE STUDY THERMAL PERFORMANCE ...................................................... 41 
4.1 House thermal performance ....................................................................................................... 41 
4.2 House energy analysis ................................................................................................................ 51 
iv     Examining the Potential for Design and Renewable Energy to Contribute to Zero Energy Housing in Queensland 
CHAPTER 5: CASE STUDY NATURAL VENTILATION EFFECT .......................................... 59 
CHAPTER 6: DISCUSSION ............................................................................................................. 65 
CHAPTER 7: CONCLUSIONS ........................................................................................................ 71 
REFERENCES .................................................................................................................................... 73 
APPENDICES ..................................................................................................................................... 87 
List of Figures 
Figure 1: Types of natural ventilation ................................................................................................... 16 
Figure 2: InsulLiving house floor plans and elevations ........................................................................ 30 
Figure 3: Boundary conditions of the InsulLiving ................................................................................ 39 
Figure 4: Histograms of annual hours in different temperature bands from April 2012 to March 
2013 ...................................................................................................................................... 42 
Figure 5: Comparison of mean hourly temperature of the family room on the hottest day of 
2012 ...................................................................................................................................... 46 
Figure 6: Comparison of mean hourly temperature of the bedroom on the coldest day of 2012 .......... 47 
Figure 7: Comparison of mean hourly temperature of the bedroom on the coldest day of 2013 .......... 48 
Figure 8: Comparison of mean hourly temperature and air conditioner energy usage in the 
hottest day of 2013 ............................................................................................................... 49 
Figure 9: Mean daily temperature of family room in December and July 2012 on psychometric 
chart ...................................................................................................................................... 50 
Figure 10: Comparison of daily used and produced energy of the house in July 2012 ......................... 55 
Figure 11: Comparison of daily used and produced energy of the house in January 2013 ................... 56 
Figure 12: Contours of air temperature after 6 minutes ........................................................................ 60 
Figure 13: Contours of air velocity after 6 minutes............................................................................... 61 
Figure 14: Average value of temperature at selected locations at 30 second intervals for the 
InsulLiving ........................................................................................................................... 63 
Figure 15: Average value of temperature at selected locations at 30 second intervals for the 
InsulLiving ........................................................................................................................... 63 
 
 
 
 
 
 
 
 
 
 
vi     Examining the Potential for Design and Renewable Energy to Contribute to Zero Energy Housing in Queensland 
List of Tables 
Table 1: NatHERS regulations for cooling and heating times and thermostat settings in 
conditioned spaces ............................................................................................................... 10 
Table 2: Summary of the experimental findings for the maximum accepted air speed in warm 
environments ........................................................................................................................ 18 
Table 3: Thermal properties and thicknesses of InsulLiving construction ............................................ 30 
Table 4: Climate information of Amberley weather station-climate zone 9, Australia ......................... 32 
Table 5: Star rating bands for climate zone 9- Amberley ..................................................................... 33 
Table 6: Comparison of free running and conditioned modes .............................................................. 43 
Table 7: Annual energy consumption per service and energy generated .............................................. 52 
Table 8: Monthly electrical energy- consumed, generated and net ....................................................... 53 
Table 9: Number of days with net electricity energy use of the house in each month .......................... 53 
Table 10: Comparison of total heating and cooling energy of the house .............................................. 58 
Table 11: Comparison of seasonal net energy use of InsulLiving with other SEQ houses ................... 68 
Table 12: The mean temperature, speed and humidity of the family room and the master 
bedroom ............................................................................................................................... 69 
 
List of Abbreviations 
CFD   Computational Fluid Dynamics 
HVAC   Heating, Ventilation And Cooling 
IEA   International Energy Agency 
IPMVP   International Performance Measurement and Verification 
Protocol 
LEB   Low Energy Building 
NatHERS Nationwide House Energy Rating Scheme 
NABERS  National Australian Built Environment Rating System 
PEB   Positive Energy Building 
SEQ   South East Queensland 
SHGC   Solar Heat Gain Coefficient 
ZEB   Zero Energy Building 
 
 
 
 
 
 
 
 
 
 
 
  
QUT Verified 
Signature

 1 
 
Chapter 1: Introduction 
This chapter outlines the background, context, objectives, and the significance 
of this research. An outline of following chapters will be introduced. 
 
1.1 BACKGROUND 
The significant impacts of global warming and climate change on the human 
environment have become increasingly obvious. This phenomenon has consequently 
raised human demands for a higher utilisation of natural energy resources to provide 
pleasant indoor environment conditions (David B. Belzer, 1996; Ren, Chen, & 
Wang, 2011). Climate change could also result in the raising of energy prices (Saman 
et al., 2013). Increasing demand for building services and indoor comfort levels 
together with global population growth implies that the rising trend in energy use 
will continue in future, causing concerns of major environmental impacts and 
diminishing fossil energy resources (Pérez-Lombard, Ortiz, & Pout, 2008).  
In developed countries such as the United States and United Kingdom, 
buildings are responsible for a high portion of total energy consumption (Pérez-
Lombard, et al., 2008). In Australia, statistics reveal that among all energy 
consuming sectors, the buildings sector is the third largest, after transport and 
manufacturing. Australian non-residential and residential buildings are responsible 
for using more than 26% and 11% of national energy resources respectively 
(Australian Bureau of Statistics, 2012) and nearly half of this amount is being 
utilised for indoor air conditioning, cooling and heating services.   
A number of reasons, such as projected population growth, increasing house 
size and the trend of narrower temperature conditions for indoor thermal comfort, 
affects the energy use and associated greenhouse gas emissions which are projected 
to continue to increase in the residential building sector in Australia (Australian 
Government-Department of Resources Energy and Tourism, 2012). On the other 
hand some researchers present some evidence that despite being high energy 
consuming, the building sector is potentially capable of reducing its energy use and 
associated greenhouse gas emissions (Miller & Buys, 2012). Griffith et al. (2007) 
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found buildings with zero energy use are achievable in more than 60% of US 
buildings. Hence, applying methods to reduce residents’ energy demand and increase 
buildings’ energy efficiency would be a priority among designers, builders and 
governments.  
Governments of many countries have applied strategies to reduce the energy 
use of the building sector in the future. As an instance, the United States government 
has established a goal for all commercial buildings to be zero energy by 2050 
(Crawley, Pless, & Torcellini, 2009).  England and Germany have a perspective of a 
zero carbon house and zero emission buildings in the future. The European 
commission requires buildings to be ‘near zero energy’ buildings after 2019 (Musall 
et al., 2010).  
In Australia, the National Australian Built Environment Rating System 
(NABERS), which is an environmental impact rating system for Australian office 
buildings, benchmarks the greenhouse performance of these buildings types. The 
rating system takes into account the gas, electricity and other energy resources usage 
and provides a star rating (on a 6 star scale) to office buildings regarding their annual 
actual performance (NABERS, 2012). Likewise, the Nationwide House Energy 
Rating Scheme (NatHERS) assesses the thermal performance of residential buildings 
in terms of construction, layout, orientation and local climate. The NatHERS 
logarithmic rating scale ranges from 0 to 10 star bands based on annual cooling and 
heating loads (NatHERS, 2011). For residential buildings, the minimum building 
performance standards (3 stars in a 5 stars scale) were introduced in 2003 and was 
later upgraded in 2010 to a minimum 6 stars (in a 10 stars scale).  They are likely to 
be further strengthened in the future (Australian Government-Department of 
Resources Energy and Tourism, 2012).  
The global concerns for buildings’ increasing energy use and governments’ 
requirement for increasing energy efficiency in buildings have resulted in the 
development of low energy and net zero energy buildings. Generally, a zero energy 
house is a house which uses as much energy as it produces (Torcellini, Pless, Deru, 
& Crawley, 2006). However the concept of a zero energy building has become 
widely diverse. More definitions of zero energy buildings are available further in this 
thesis.  
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“How are zero energy houses performing?” is a main question raised among 
researchers. To respond, most researchers applied a measurement and verification 
method. The International Performance Measurement and Verification Protocol 
(IPMVP) recommends data measurement and monitoring in order to verify the 
energy use or demand (Energy & Savings, 2001).  
In this method, data of energy use and production in a building is being 
monitored and unexpected excess consumption is able to be determined. Monitoring 
and analysing the performance of energy efficient and zero energy buildings assists 
researchers to better understand these buildings’ nature and detect buildings’ 
shortcomings, in order to apply new techniques and improvements in other buildings.  
A similar approach is applied in this research which is monitoring data of an 
energy efficient house to survey its energy use, energy generation and comfort 
conditions to examine the possibility of a zero energy house in South-East 
Queensland (SEQ), Australia. 
 
1.2 CONTEXT 
As previously mentioned, the residential sector is believed to be one of the 
most cost-effective sectors for reducing energy consumption and specifying energy 
efficient or zero energy goals for dwellings shall assists improving housing context 
and consequently energy use in this sector. In this regards, this research aims to 
investigate the feasibility of a zero energy house in SEQ, Australia in its first full 
year of occupancy. Climatic data (temperature, humidity, air pressure, rainfall) and 
energy data (solar panels, lighting, hot water, general power) was recorded 
consistently and the house’s energy balance and thermal comfort conditions are 
analysed. Finally, the research deliberates on the effect of natural ventilation on the 
house’s thermal conditions by simulations and compares this with the measured data. 
 
1.3 RESEARCH QUESTION AND OBJECTIVES 
The main purpose of this research is to investigate the feasibility of a zero 
energy house in SEQ, Australia in its first full year of occupancy. The research 
pursues its main goal through the following objectives:  
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1. Studying global definitions of low energy and zero energy buildings; 
2. Measuring and analysing the climatic and energy data of  the house; 
3. Evaluating house actual thermal performance against Australian national 
standards and simulation results; and 
4. Studying the natural ventilation effect on the thermal comfort conditions of 
the house. 
 
1.4 SIGNIFICANCE  
Due to the energy crisis and global warming phenomena, it is important to 
make dwellings consume as little energy as possible, whilst still providing for 
occupants’ energy needs. Identifying how an energy efficient house performs and the 
necessary improvements for this purpose are essential for designing future and 
current buildings. The outcomes of this research can provide guidance for developers 
in the building industry who design and build energy efficient houses in subtropical 
climates of Australia. 
 
1.5 THESIS OUTLINE 
In addition to this chapter, which gives an introduction on project subject and 
objectives, this document includes six more chapters in the following areas.  
Chapter 2 gives an extensive literature review and analysis on the research 
subjects. Generally, literature on the human thermal comfort conditions, types of 
zero energy buildings, occupants’ impact on buildings energy use, and the natural 
ventilation effect on the buildings’ thermal conditions are reviewed in this chapter.  
Chapter 3 introduces the case study house (InsulLiving) and presents the 
detailed methodology applied in this research. The house plans and construction 
details are delineated following Australian climate zones and weather properties of 
the study climate. Australian thermal comfort regulations and the star band system 
for residential buildings are described in this chapter as well as the accredited 
software based on the national regulations. The numerical method applied to the 
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analysis of the natural ventilation effect and the relevant software for the simulations 
are also discussed in this chapter. 
The final results of this research are divided in two successive chapters. The 
first section of the results (chapter 4) reveals the InsulLiving actual thermal 
performance, predicted performance with related software in conditioned and free 
running modes.  It finishes with a discussion on the house’s energy balance during 
the monitoring period and comparison of the house energy use with the software’s 
predicted energy results. 
In Chapter 5, the effect of air movement within the house is simulated on a hot 
summer day to realise the effect of air movement on the indoor comfort condition. 
The results (temperature and air velocity) are compared to a free running condition 
where no artificial cooling was used.  
The extended discussion on the results and conclusion of the study is given in 
chapter 6 with further plans for the future studies. Finally, chapter 7 provides a 
summary of the relevant literature, the applied methodology, the results and the 
discussion of this research. 
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Chapter 2: Literature review 
In this chapter we will review and discuss previous literature.  Section ‎2.1 
reviews thermal comfort conditions and adaptive comfort conditions in human living 
spaces, followed by Australian characterizations of a thermally comfortable 
environment.  Section ‎2.2 discusses research on the effect of natural ventilation on 
building thermal condition and human’s thermal comfort. Section ‎2.3   reviews 
definitions and examples of low energy, zero energy and positive energy buildings. 
This section continues with a discussion of previous research on the subject of 
energy efficient buildings. Finally the chapter summary (‎2.4) gives the concluded 
remarks.   
 
2.1 THERMAL COMFORT CONDITIONS 
2.1.1 Thermal comfort definition 
Thermal comfort is the perceived indoor thermal environmental condition that 
is acceptable by the majority of people.  It is defined by temperature, humidity, air 
speed and other factors. A standard comfort condition is important to building 
designers and engineering as firstly it determines a large proportion of building 
energy consumption; secondly it grants occupants a sense of satisfaction of their 
living environment (American Society of Heating & Air-Conditioning, 2009). 
Rather than being invariant, de Dear and Fountain (1994) and Peeters, Dear, 
Hensen, and D’haeseleer (2009) found that acceptable comfort temperatures change 
in different times, locations and indoor zones. They investigated that different rooms 
like bedrooms, living rooms, kitchen and bathrooms may have various comfort 
temperatures, depending on occupants’ clothing and activity levels. Also residents’ 
characteristics like age, gender and economic background affect what is considered 
to be at comfort temperature (M.Indraganti & K.D. Rao, 2010).  
The importance of a thermally conditioned space is remarkable from numerous 
points of view. First, for occupants’ health, as the human body must be kept at a 
reasonably constant temperature and the heat loss from humans’ skin must be 
controlled consistently; second, for  occupants’ delight, as thermal comfort in 
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buildings is related to a sense of satisfaction and delight in one’s surroundings 
(Heschong, 1979); and finally, for building energy efficiency. The indoor 
temperature set for heating or cooling consequently influences a building’s energy 
use and the amount of heat exchanged between inside and outside of a building 
highly depends on the temperature of these two areas. A small change in the indoor 
thermal condition can change the building energy use by demanding heating and 
cooling devices. As an example, a 1
o
 K reduction in indoor temperature in winter in 
UK buildings saved about 10% energy for heating purposes (Nicol, Humphreys, & 
Roaf, 2012).  In summer in Australia, uncomfortable indoor environments cause 
increases in air conditioning demand which can lead to crises in electricity networks, 
especially during peak hours (Saman, et al., 2013).  
Initially Auliciems and Szokolay (2007) introduced monthly thermal comfort 
conditions based on the mean temperature and mean thermal neutrality. They applied 
the following equation: 
                             Equation 1 
 
where  Tn = neutral temperature 
 Tm= mean outdoor monthly temperature 
The neutral temperature is the temperature perceived by an occupant in a space 
to be neither warm nor cool. They further extended the comfort zone by adding and 
reducing 2.5 °C and 3.5°C for 90% and 80% acceptability respectively. This formula 
has been the basis of many researchers’ assumptions in assessing thermal comfort 
circumstances. Miller, Buys, and Bell (2012) used a similar approach to define an 
adaptive comfort band in Australian climate zones based on Equation 1. They 
defined a comfort band of 18 to 28 °C for residential buildings in subtropical 
Queensland, which was dependent on the measured outside temperature of hottest 
month in summer and coldest month in winter. Among eight residences they 
investigated, for 77-97% of year, the main living rooms were inside their assumed 
thermal conditions. They found that the house with the passive house standards had 
the most comfort hours.  
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2.1.2 Adaptive thermal comfort  
The fact that indoor comfort conditions consequently change with outside 
weather, and that humans can tolerate and adapt to different temperature during 
different seasons, brings up the idea of adaptive thermal comfort. People experience 
different thermal conditions in summer and winter.  For example a temperature that 
is satisfying in summer with light clothing, would be considered hot if winter 
clothing is worn (Nicol, et al., 2012). 
Adaptive comfort is divisible into three main groups: (i) behavioural, (ii) 
physiological and (iii) psychological adaption. Behavioural adaptation includes 
conscious actions by occupants, like opening windows, changing clothes and 
adjusting the climate controls when feeling uncomfortable. Physiological adaptation 
is the effect of genetic conditions or cognitive and cultural variables. Psychological 
adaption is the expectation of the air quality in a perceived room. Brager and de Dear 
(1998) research found that first, among aforementioned categories, occupants’ 
behavioural expectations have the greatest influence on defining adaptive comfort; 
second, occupants in naturally ventilated buildings could tolerate temperature swings 
better than those who were in air conditioned building. On the other hand, R.De Dear 
and G. S. Brager (1998) believed that where observed thermal responses differed to 
predicted results, psychological adaptation actually plays a key role in explaining the 
differences. 
Today, Brager and de Dear (2001) indicate that new adaptive thermal 
conditions allows warmer indoor temperatures for naturally ventilated buildings 
during summer, as it is believed people who live in naturally ventilated buildings 
where they are able to open windows in response to their thermal preferences and 
tolerances, are likely to accept a wider range of temperatures than are currently 
considered comfort zones. In contrast, they identified that people who live or work in 
air conditioned spaces for a long time are quite likely to develop high expectations 
for cool temperatures.  
2.1.3 Australian thermal comfort standards 
In Australia, NatHERS determines thermal comfort conditions for occupants 
based on seasonal mean temperatures. These comfort conditions vary according to 
several factors including room occupation time, room chief function, impact of 
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outside climate on the room and occupant’s acclimatisation to the local climate. 
According to NatHERS, in a house, all spaces must be considered for thermal 
comfort rooms typically used for short periods of time, such as bathrooms, laundries, 
walkways etc.  Three steps are assumed to be approached by occupants to achieve 
thermal comfort: 1- applying natural ventilation by e.g. opening windows and 
skylights; 2- using ceiling fans for escalating air movement and thus, enhancing 
evaporation from skin; 3- removing or adding heat with artificial heating and cooling 
devices like air conditioners. The summer and winter comfort conditions defined by 
NatHERS are generally for conditioned spaces where the effect of heating and 
cooling devices is applied in room’s temperature, and is different for daytime living 
spaces and sleeping spaces. Sleeping spaces include bedrooms and other spaces 
closely connected to bedrooms (e.g. ensuites) and living spaces include kitchens and 
other spaces typically used during waking hours (e.g. family room, lounge room).  
Table 1 displays the NatHERS regulations for cooling and heating time in 
living and sleeping spaces.  
Table 1: NatHERS regulations for cooling and heating times and thermostat settings in conditioned 
spaces 
 Winter Summer 
 Thermostat Time Thermostat Time 
Living  
- 
20 °C 
24:00-07:00 -no heating 
07:00-24:00 - heating 
- 
differs in each 
climate zone 
24:00 to 7:00 - no cooling 
7:00 to 24:00 - cooling 
Sleeping  
15 °C 
18 °C 
- 
18 °C 
24:00 to 7:00 heating 
7:00 to 9:00 heating 
9:00 to 16:00- no heating 
16:00 to 24:00- heating 
- 
differs in each 
climate zone 
9:00 to 16:00 – no cooling 
16: 00 to 9:00 – cooling 
 
Australia has six major climate zones ranging from tropical in the northern 
regions, through to temperate and cool climates in the south.  These major climate 
classes are further subdivided based on the diversity in the seasonal temperature 
distribution and rainfall (Australian Bureau of Meteorology). Additionally a more 
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comprehensive climate classification is introduced by NatHERS, dividing Australian 
main climate zones into many regions of similar climate. Up to this time, 69 climate 
zones have been introduced for Australia. The cooling thermostat setting for 
conditioned spaces varied in each 69 climate zones according to the effect of air 
movement, air temperature and humidity level in that zone (Department of Resources 
Energy and Tourism, 2011).  
2.1.4 Related studies 
International thermal comfort standards are entirely based on theoretical 
analyses of climate chamber experiments and human heat exchange (Standard, 
1992). These standards are suitable for static thermal conditions, while in reality, 
people live in changeable, inconsistent environments, and are affected by extreme 
hot or cold weather. There are some variations on the recognized standards. The 
indoor temperature profile is one of the major factors which influences comfort 
conditions inside buildings and helps understand the thermal behaviour of buildings 
(Krüger & Givoni, 2004). Many studies have assessed the thermal performance of 
buildings and results have been compared to building thermal standards. The effects 
of several variables have been investigated such as the air conditioning, occupant 
gender and age, clothing code and activity, and building construction. 
Han et al. (2007), using field measurement data (temperature, relative 
humidity, air velocity) and surveys, examined the summer thermal comfort of a 
residential environment in a typical hot-humid climate using a thermal comfort 
prediction software based on ASHRAE standards. They found the acceptable 
comfort thermal band by 90% of occupants to be between 22 and 25.9 °C, while the 
standards assumed a higher but slightly narrower comfort band for the examination 
condition. The measured neutral temperature preferred by occupants (22.8°C), was 
significantly lower than the ASHRAE standard neutral temperature in the study 
climate (28.6°C). This study also found that occupants in hot climates were also 
inclined to prefer a slightly cooler thermal state than what the standards defined.  
A similar study on employee thermal comfort conditions in air conditioned 
office spaces was conducted by Mui and Wong (2007).  They evaluated an optimum 
neutral temperature from occupant responses based on their perception of thermal 
comfort in subtropical climates. Using the frequency distribution of subjects’ 
responses, they discovered that to satisfy most of the office occupants, an operative 
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neutral temperature of 23.6 (summer) and 21.4 °C (winter) is required which is 1°C 
below the standards neutral temperature of Hong Kong.   
Considering different gender objectives, Wang (2006) analysed the thermal 
comfort of residential inhabitants in China to find the neutral operative temperatures 
accepted by a statistical representation of the population. She found that the male 
neutral operative temperature (20.9 °C) to be slightly lower than that for females 
(21.9 °C). This was interpreted to mean that Chinese men are less sensitive to 
temperature variations, due to wearing lighter clothes. All abovementioned studies 
argued that in some subtropical climates, the occupant pleasant temperature is 
slightly lower than assumed standard comfort temperature within those climate 
zones.  
Taking into account the construction effect thermal comfort, lightweight 
constructions with low thermal resistance materials or poor insulation have a 
temperature profile close to the daily outdoor temperature (or sometimes higher than 
outdoor temperature), which would cause uncomfortable conditions during summer 
(Cheng, Ng, & Givoni, 2005). The worst scenario would be during hot days if these 
buildings have a dark colour rather than white. On the other hand, high thermal mass 
constructions bring a smoother temperature profile for indoor spaces and noticeably 
minimizes the indoor temperature swing (Singh, Mahapatra, Atreya, & Givoni, 
2010), although sometimes high thermal mass in building facades slows down the 
cooling process and prevents indoor temperatures from dropping in line with the 
outdoor ambient temperature (Krüger & Givoni, 2008).  
Gregory, Moghtaderi, Sugo, and Page (2008) discussed the effect of different 
materials and four typical construction methods in Newcastle, Australia on the 
thermal performance of the buildings. Four external wall models of (a) brick veneer, 
(b) reverse brick veneer, (c) cavity brick and (d) light weight material were compared 
in four various construction situations, with diverse glazing areas and internal 
thermal mass. One of the key findings of this research, despite not being practical, 
was that a room with no glazing would have a relatively straight daily temperature 
profile, and minimally react to outdoor temperature variations, while a higher portion 
of windows with low U-value causes more extensive temperature band within the 
room. When considering thermal comfort within a building, the preferred 
temperature profile should have least fluctuations during a day. The authors also 
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concluded that the brick veneer model had the poorest function and caused a slightly 
poor thermal condition, while the reverse brick veneer brought a moderately pleasing 
temperature. These results are based on Newcastle climate and might be different for 
other Australian climate zones.  
A passive solar building is an alternative building process that walls, floors are 
made to collect, store and distribute solar energy in the form of heat and provide 
occupant thermal comfort (Parekh, 2014). This type of house normally requires 
active occupants to operate it in a climate-responsible way throughout the seasons. 
Krüger and Givoni (2008) as an instance, monitored the indoor temperature of four 
passive solar residences in an arid climate.  They used Equation 1 (in section ‎2.1.1) 
for monthly optimum comfort temperature with 90% acceptability to assess building 
thermal comfort. This study examined two different operation modes of winter and 
summer, and results showed during summer nights, while the building was being 
ventilated, the indoor temperature suddenly fell, but did not continuously drop with 
the outdoor ambient temperature.  This was due to a low wind speed during the 
evenings which decreases air change rates at this time. Generally, the data showed 
that the average indoor temperature is higher than the outdoor average throughout 
most of the monitoring period. Results demonstrated that a 1.3 °C higher mean 
outdoor temperature in the building site (measured by the meteorology station) 
resulted in a 56% increase in energy demand for cooling. However the authors in this 
research did not measure the impact of buildings’ overshadow, as the spacing 
between building blocks was quite considerable which was expected to have a 
positive impact on site temperature, lowering outside during the sun-lit hours of the 
day.  
Further research on passive solar houses’ thermal comfort in Australian 
subtropical climate was conducted by Miller, et al. (2012), evaluating the thermal 
comfort conditions of eight non air conditioned passive solar houses using 
quantitative (climate data measurements) and qualitative (inhabitant survey) 
methods. Despite all eight homes not having air conditioners, over a whole year, 
observation identified the high levels of satisfaction by all residents. They introduce 
a thermal comfort band between18-28°C based on Equation1. The introduced 
comfort band had 90% acceptability for hot months and 80% acceptability for cold 
months.  Measured temperatures in these eight houses showed 77-97% of the year 
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within this temperature band.. However, summer discomfort was experienced in 
some houses when sufficient cool breezes and cross ventilation was not available. 
During winter extremes with low outside temperatures, some spaces experienced a 
low temperature as these spaces did not gain enough solar radiation.  
Employing a similar approach and methodology, Miller and Shah Nazari 
(2013) investigated the thermal performance of the main bedroom in six houses in 
SEQ during four hot days, using standard cooling and heating thermostat settings. 
All of the bedrooms, except one, did not have a suitable thermal condition especially 
during night hours. The slow rate of cooling in these spaces might be a sign of 
inadequate cooling strategies during the night by occupants, such as not opening 
windows over night, or a poor design to evacuate excess heat.  
The internal thermal condition of houses must be a concern of designers and 
builders. Apart from the aesthetics perspective, which seems to be more noticeable 
among architects and designers, the thermal functionality and sustainability of houses 
must be subsequently considered. An assessment of three award winning houses in 
three different climates of Australia by Williamson, Soebarto, and Radford (2010) 
determined that these houses did not have a sufficient thermal operation and for most 
of a year, internal conditions were outside the acceptable range conditions for both 
conditioned and naturally conditioned spaces, as defined by ASHRAE standards. The 
study showed that the occupants of these houses did not have an acceptable action to 
maintain thermal comfort conditions. Actions such as using solar radiation during 
winter days and evacuating hot air during summer nights are supposed to be done by 
the inhabitants. It is also arguable that as the thermal comfort assessments of these 
dwellings (temperature and humidity) were based on ASHRAE standards instead of 
Australian national regulations (NatHERS), the thermal assessment was not accurate 
enough in these particular climate zones.  
Ultimately, the variation in thermal comfort conditions of countries and regions 
makes the thermal comfort standard study significant. Thus, realizing and developing 
regional thermal comfort circumstances is significant. Even a small divergence 
between meteorological climate data and real site temperature may lead to a high 
difference in building thermal comfort and thus building energy consumption 
(Krüger & Givoni, 2008). Studying the actual thermal conditions of indoor spaces is 
not only applicable in the design phase of energy efficient buildings, but is also 
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necessary for the operational phase of buildings. A building which is thermally 
pleasant for its inhabitants at most times requires less air conditioning and therefore 
less energy consumption. 
The effect of natural ventilation, as a means to inhabitant thermal comfort will 
be discussed next.  
 
2.2 THE IMPACT OF AIR MOVEMENT  
2.2.1 Air movement and natural ventilation  
Given the relatively low level of building regulations in Australia, it is highly 
likely that most Australian dwellings will require some level of space heating or 
cooling at some time of the year. Depending on the climate zone and building 
properties, a large portion of energy consumption  is used for buildings’ heating and 
cooling purpose (Department of Resources Energy and Tourism, 2013). Despite a 
relatively mild climate, where 65% of annual hours are within comfort condition (18-
28oC), SEQ  currently has about 1.2 million residences depended on  air 
conditioners, making the air conditioning the chief determinant of peak power 
demand  (Miller & Shah Nazari, 2013). Applying methods like natural ventilation 
may reduce cooling energy and associated carbon dioxide emission where Axley 
(2001) argues that the natural ventilation may be applied for either direct occupants’ 
cooling or building’s indirect cooling during night-time. However, the possibility of 
reducing cooling energy requirements through natural ventilation depends on factors 
such as building design, urban context and climate. In cases with a high level of 
outdoor relative humidity or temperature, building ventilation using outdoor air is 
quite unfeasible.   
Natural ventilation, which is taking advantage of the freely available resources 
of the wind and air flow to moderate thermal comfort, results from  surrounding wind 
flow, solar and incidental heating, or natural convection caused by thermal gradients 
in a building or between the building and atmosphere (Linden, 1999). Two driving 
forces for natural ventilation are wind and buoyancy, which makes this method more 
stochastic compared to mechanical air movement (Axley, 2001). Differences in wind 
pressure along the building facade or between outdoor and indoor temperatures 
generate a natural air exchange between indoor and outdoor air. The ventilation rate 
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is determined by the strength and direction of these forces and the resistance of the 
flow path (Tan & Glicksman, 2005). Generally, four common types of ventilation are 
considered in buildings, depending on the position of openings: single side 
ventilation, cross ventilation, stack ventilation and top-down ventilation (Figure 1).  
 
 
Figure 1: Types of natural ventilation 
 
Single sided ventilation is the exchange of air between outdoor and indoor 
through a shared opening on one side of the space. Compared with other methods, 
single sided ventilation is less effective, but is more applicable where there are 
limitations to design openings in both sides of a space. Cross ventilation is the air 
exchange between indoor and outdoor through the inlets and outlets on different 
sides. This method generally achieves good results, except under no wind conditions. 
Stack ventilation happens due to a difference in indoor-to-outdoor air density. The 
outside air enters the space through openings on the building envelope, and hot air 
rises through a chimney. In this method, ventilation still exists even when there is no 
wind. However, the areas requiring cooling must be in direct contact with the 
chimney or through the openings. The top-down ventilation is the most frequent form 
of using wind to ventilate the indoor spaces in some countries. It includes roof turrets 
which capture wind from any direction and the wind pressure forces the air down, 
through a channel into the building spaces (Gan, 2000; Ohba & Lun, 2010).  
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2.2.2 Computational Fluid Dynamics 
In the buildings designed to take advantage of natural ventilation, air must be 
able to freely flow around and through the buildings. Factors such as building 
geometry, openings, number of building storeys, and interior stairs have influence on 
the air flow pattern and speed (Chiang, Lai, Chou, & Li, 2000; Prianto & Depecker, 
2002). It is useful to predict the air flow distribution in a naturally ventilated building 
to realise how the building could benefit from the optimum natural cooling resources. 
A popular approach for modelling the air flow pattern in buildings is Computational 
Fluid Dynamics (CFD). CFD modelling can provide an accurate understanding of 
how a building’s layout, such as windows, walls, vents etc, affect the buildings’ 
indoor air quality and hence its energy requirements for cooling. Despite having 
some uncertainties in the models, the CFD models are becoming rapidly accepted in 
some design practices. It is essential that the CFD models should be more reliable 
and faster (Chen, 2009).  
Essentially, CFD uses numerical techniques to solve a set of non-linear partial 
differential equations. These partial differential equations (the conservation of mass, 
energy, and momentum) express the fundamental physical laws governing fluid flow 
phenomena. These equations and the computational domain enclosed with boundary 
conditions are discredited and linearised. This gives a set of coupled algebraic 
relations which are solved iteratively to predict the distribution of pressure, 
temperature and velocity (Beausoleil-Morrison, 2002). 
Studies of Chen and Srebric (2002) and Srebric, Vukovic, He, and Yang (2008) 
have proved that the precision of CFD simulations strongly depends on the 
appropriate setting of the problem’s boundary conditions. One critical problem while 
applying CFD for air flow prediction is that this method requires excessive computer 
resources and long running time to demonstrate highly accurate detailed results, 
specially while modelling large and complex buildings (Tan & Glicksman, 2005). 
2.2.3 Related studies  
The air movement inside a building has a major impact on occupant acceptance 
of the indoor thermal environment. Because air movement (from natural breezes or 
ceiling fans) over the human body increases the evaporative cooling effect, 
occupants with control over air movement can tolerate temperatures higher than the 
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maximum comfortable temperature of still air (Arens et al., 1998). This can lead to a 
lower air-conditioning demand and hence more energy conservation in buildings. 
Many occupant studies in warmer environments show that air movements with a 
higher velocity than was previously considered desirable in buildings were perceived 
as pleasant and comfort by the occupants. However, from numerous experiments, 
different criteria for the maximum air speed of comfort conditions have been 
concluded. Table 2 summarises the most significant findings. Most of the cited 
experiments were conducted in warm to hot environments where subjects considered 
to be passively acclimatized. Although subjects of these experiments were different 
groups of male and female aging from 20s to 60s with diverse activity and clothing 
levels, there is a little difference in accepted air speed by the subjects. 
Table 2: Summary of the experimental findings for the maximum accepted air speed in warm 
environments  
Temperature (°C) Velocity (m/s) Relative Humidity (%) Experiment by 
28 1.0 to 1.4 - (McIntyre, 1978) 
29.5 1.0 50 (Rohles, Konz, & Jones, 1983) 
28 1.0 50 
(Tanabe & Kimura, 1987) 29.6 1.2 50 
31.3 1.6 50 
26 0.24 to 0.68 50  
(Enomoto, Kubo, Isoda, & 
Yanase, 1992) 
 
28 0.51 to 1.17 50 
30 1.1 to 1.64 50 
30 1.6 - (Toftum, 2004) 
26 0.3 to 0.9 - (Gong et al., 2006) 
26 0.4 
78 to 84 
(Candido, De Dear, Lamberts, 
& Bittencourt, 2010) 
30 0.9 
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Some research have been conducted to predict and understand how the air 
flows in and around a building and how it has influence on the buildings’ thermal 
performance (indoor temperature and air velocity) as well as building energy use. 
The air may have different stream patterns and distribution while flowing in and 
around a space due to various factors like inlet and outlet size and position, boundary 
conditions, interior obstacles etc. Simulating the air flow pattern in an experimental 
chamber showed changes to air velocity at different heights. The air had a 
comparatively higher speed closer to the floor compared with higher levels.  Air 
swirling positions with different air speed were observed near the air inlet and in the 
middle of the chamber (Papakonstantinou, Kiranoudis, & Markatos, 2000).  
The thermal comfort condition in a historical library building was simulated by 
applying the CFD method to observe the passive cooling effect on the indoor 
environment values such as air temperature and wind speed (Stoakes, Passe, & 
Battaglia, 2011). Three cases were studied with (i) one inlet and outlet, (ii) multiple 
inlets and one outlet and (iii) multiple inlets and outlets. The building with 27 °C 
indoor temperature was influenced by introducing 20°C air at 2.2 m/s speed. Several 
comparative results were achieved from three cases. First, regardless of different 
periods of time, the temperature in all library sections decreased dramatically and 
achieved the steady state below 21°C. The air velocity quickly reached the steady 
state in about 5 minutes but was above the recommended velocity (0.2 m/s) and 
below the acceptable velocity (0.8 m/s) by ASHRAE standards. Second, the study 
determined that adding more air inlets and outlets enhanced cooling in most library 
areas by decreasing the time to reach the steady state, but the air velocity exceeded 
the standards.  
Stavrakakis, Koukou, Vrachopoulos, and Markatos (2008) studied the thermal 
comfort condition in a naturally ventilated room, with two doors as inlet and outlet, 
during afternoon hours on hot summer days. Three turbulence models of Reynolds-
Averaged Navier-Stokes were examined.  The results showed relatively identical 
indoor air flow patterns in all three models; however the external air has various 
patterns in all cases.  Although all three models findings were in a good agreement 
with the experimental measurements, the indoor thermal acceptability found to be 
unacceptable in terms of thermal perception and below the global recommended 
criteria (80%) in this study. Later, Stavrakakis, Zervas, Sarimveis, and Markatos 
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(2012) investigated the effect of window design and position on the thermal comfort 
of naturally ventilated buildings to determine the optimised height of openings. 
Applying a CFD approach in a cross ventilation scenario with two openings on 
southern and northern sides of the room, they found that for a standing occupant, 
better thermal sensation is improved as one of the openings’ height increases. Also 
they compared two scenarios of windward and leeward in their case study building. 
The difference of the windward and leeward scenarios was mainly position of the 
door or the window on the building and the range of window-like openings area. The 
results showed that higher indoor dehumidification was obtained in the case of a 
windward window, while the indoor humidity decreased by the accelerated inflow 
through the window. This is due to the Venturi effect where small openings 
accelerate the inflow, and results in internal draughts. Their findings are peculiar to a 
specific case study and the results may vary under different occupancy parameters. 
As mentioned earlier, the room’s interior form also affects the air flow patterns 
as demonstrated in the paper by Nikas, Nikolopoulos, and Nikolopoulos (2010). 
Removing the interior obstacles (like walls and columns) in the way of the air inlet 
greatly changes the air path as the air travels through the whole space in a 
considerably shorter time.  
In addition to indoor thermal conditions, CFD modelling has been applied to 
predict the effect of the flowing air on building energy use. Observation of the effect 
of natural ventilation on the energy use of different double facade high rise buildings 
in Germany discovered that this building type was more energy conservative than 
conventional high rise building types with full air conditioning (Pasquay, 2004). 
Quite a number of researchers have been applying CFD simulations to model 
air flow and natural ventilation in whole buildings or parts of buildings (Larsen & 
Heiselberg, 2008; Tablada, De Troyer, Blocken, Carmeliet, & Verschure, 2009; Van 
Hooff & Blocken, 2010). Most of their results demonstrate good agreement between 
prediction and measurement in small, simple buildings, while in large scale complex 
buildings predicting the air flow is much more complicated. It is possible that large, 
complex buildings have a much more considerable influence on energy use for 
cooling than small, simple buildings (Tan & Glicksman, 2005). Overall, however, 
these researchers showed that although being time-consuming, the findings from 
CFD modelling are realistic and in fine agreement with real measurements.  
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2.3 ENERGY EFFICIENT BUILDINGS 
The essential need to reduce buildings’ energy use and increase buildings’ 
energy efficiency, especially in residential sector, has lead to the development of 
various definitions and concepts of energy efficient buildings like low energy 
buildings, zero energy buildings and positive energy buildings. This section will 
review the various definitions and related research in this field.  
2.3.1 Low energy buildings 
A low energy building (LEB) could be commonly described as a construction 
built according to particular design principles that aim to minimise its energy use and 
achieve a very high level of energy efficiency (compared with ‘typical’ buildings) 
(Hui, 2001; Sartori & Hestnes, 2007). Definitions for LEBs have changed over time. 
A low energy house could refer to a building that uses 50-70% less energy than a 
code compliant building (Torcellini, Hayter, & Judkoff, 1999). Some authors 
specifically define a low energy building in terms of end-use energy and primary 
energy consumption. As an instance, in their analysis of 60 case studies of operating 
and embodied energy of low energy buildings, Sartori and Hestnes (2007) adopted 
the following definition: a low energy building has an annual operational end-use 
energy ≤121kWh/m2, or  primary energy ≤ 202kWh/m2 per year.  
The term “low energy” differs from country to country, firstly because of 
variations in building standards, construction practices and climates (and therefore 
the heating and cooling demands). Second, the variation of the conversion coefficient 
between end-use and primary energy differs, depending on the type of energy 
generation and distribution systems used in different countries. Low energy buildings 
are directly linked with the objective of reducing operational energy use and are 
achieved by applying passive (highly insulated materials and glazing, reducing air 
leakage) and active (solar photovoltaic panels, solar thermal collectors, and biomass 
heaters) technologies (Sartori & Hestnes, 2007). Low energy buildings are assumed 
to be the preliminary step toward zero energy buildings (Hernandez & Kenny, 2010).  
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2.3.2 Zero energy buildings 
A simple definition of a zero energy building (ZEB) is a building with greatly 
reduced energy needs which produces as much energy as it consumes.  The concept 
of a ZEB though is more complicated than the above description. Four common 
definitions:  net-zero site energy, net-zero source energy, net-zero energy costs, and 
net-zero energy emissions, explain a focus on measuring the total energy balance, 
cost and emissions of energy use and generation at a building level (Torcellini, et al., 
2006).  
The application of the ZEB definition also differs depending on the evaluation 
time level, the energy services and sources being evaluated, and the energy balance 
scenario being considered. The time period used for evaluating the buildings’ energy 
balance varies, ranging from the broad time span of a building’s life cycle 
(Hernandez & Kenny, 2010; Zabalza Bribián, Aranda Usón, & Scarpellini, 2009), to 
annual (Wang, Gwilliam, & Jones, 2009; Wilkinson & Boehm, 2005), seasonal or 
monthly phases (Marszal et al., 2011) to building operating hours (Rahman, Rasul, & 
Khan, 2010). Most research to date appears to regard a year as the most common 
period to assess a building’s energy balance (Mertz, Raffio, & Kissock, 2007; 
Torcellini, et al., 2006). The energy services and energy sources are other aspects in 
evaluation of ZEBs. While some professionals concentrate on all energy sources 
used for space heating and cooling (Mertz, et al., 2007), some other research  
accounts for  only electricity used in this context (Iqbal, 2004) or for all energy used 
for space heating and cooling, water heating and lighting (International Energy 
Agency (IEA), 2008). More extensively, some research has evaluated energy system 
boundaries, such as inclusion of all household stationary energy use, or the 
expansion into the energy needs for other household services such as water supply, 
waste water treatment and communications services (Miller & Buys, 2011). 
 The next feature applied to ZEB evaluations is the type of connections these 
buildings have to energy networks. For grid-connected renewable energy houses, two 
likely energy balance scenarios can be calculated: (i) the balance between total 
energy consumption and total renewable energy generation in the selected period, 
and (ii) the net energy flows (in real time or short periods of time such as daily) 
between the building and the electricity grid.  The first can often be calculated at the 
design stage, as well as measured in occupancy, whilst the second mostly applies in a 
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post-construction, operational monitoring phase. In off-grid zero energy houses, the 
used energy must be balanced with the generated energy (with some generation 
typically being temporarily stored in batteries) (Marszal, et al., 2011).  
Given the high impact of buildings on energy consumption and the 
complexities of defining and evaluating net zero energy buildings, many countries, 
including Australia, have established regulations for energy efficient buildings in 
terms of energy intensity (total energy per meter of floor area) on an annual basis for 
space heating and cooling (T. Boermans, 2011). Requirements for energy efficiency 
of other services (e.g. lighting, hot water) are often applied in addition to the 
regulations for the thermal efficiency of the building envelope.  
Beyond the zero energy building definition, a positive energy building (PEB) 
could be defined as a building that generates more energy than it consumes, 
achieving ‘negative net energy consumption’ (Sekhar et al., 2005). In addition to 
using on-site renewable energy sources (photovoltaic panels, wind and bio-fuels), it 
is important to decrease total energy use as much as possible to obtain the net 
positive energy goal.  
2.3.3 Australian energy rating scheme 
Residential buildings (the building envelope) in most Australian states and 
territories are obligated to meet a minimum 6 star thermal energy rating (out of a 
possible 10), arguably implying a certain level of thermal comfort and operational 
energy use to achieve thermal comfort. According to the Nationwide Home Energy 
Rating Scheme (NatHERS) principles, the more ‘stars’ a dwelling gains, the less 
likely the inhabitants will require conditioned air to achieve a specified comfortable 
indoor environment. A 10 star house in most climate zones is considered to be 
thermally comfortable independent of any artificial space heating or cooling 
appliances. Each star band includes a range of acceptable annual energy loads for 
dwellings based on the exposure climate zone (Department of Resources Energy and 
Tourism, 2011).  
2.3.4 Related studies 
In the last decade, there has been an increasing interest in monitoring, 
investigating and analysing the performance of low, zero and positive energy 
buildings/houses to understand how these buildings execute in different operational 
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and climatic conditions. Most of these case study buildings have been enhanced with 
passive solar strategies such as mass construction or insulated facades (E. Doub, 
2008; Noguchi, Athienitis, Delisle, Ayoub, & Berneche, 2008) or renewable energy 
technologies such as photovoltaic panels and wind turbine (Biaou, Bernier, & Ferron, 
2004).   
Rosta (2006) monitored the performance of a zero energy detached house in 
Las Vegas, USA and compared the energy consumption results to a baseline house. 
The monitored house had both renewable energy technologies and thermal mass 
construction (a 4.8 kW photovoltaic array, a solar water heater combined with high 
thermal mass walls and attic). The result showed that the zero energy house achieved 
zero net electricity energy consumption in a year of operation and used 85% less 
peak energy than the baseline house.  
Different building components, interacting with the outside environment, effect 
the building’s overall energy consumption. Frye (2011) explains that in a subtropical 
climate, upgraded windows with a low solar heat gain coefficient (SHGC) increases 
space heating demand due to less solar heat gain in winter, whereas in summer the 
cooling load for the studied house decreases up to 82% . While studying the building 
envelope of low and zero energy buildings, Willrath (1998) and Gregory et al. (2008) 
found that in Australian subtropical climates, added thermal insulation to the 
building decreases annual total energy load. Additionally, Miller and Buys (2012) 
analysed a low energy detached house in a sub-tropical climate and concluded that 
construction improvements such as increasing insulation levels in walls (R3.5) and 
roofs (R4.6), refining in the modelling software inputs, and improving the modelling 
capacity of national simulation software (BERs PRO) resulted in 50% more energy 
efficiency to the house ‘as constructed’ than ‘as designed’. Furthermore, comparing a 
zero energy house with a conventional house in humid subtropical climate 
demonstrated that in a zero energy house, lighting and plug loads mostly influence 
the net energy while in a conventional house cooling set point is the most important 
factor increasing energy consumption (Field, 2007). 
Additionally, studying the effect of thermal insulation and building mass in dry 
climates with a wide diurnal variation,  Zhu et al. (2009) and Flores Larsen, Filippín, 
and González (2012) found that changing from light to heavy mass materials also 
decreases annual total energy load while cooling load increases moderately.  
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Numerical modelling and computational simulation is one of the most favoured 
methods among researchers to predict and analyse building performance in terms of 
thermal comfort and energy consumption. Chlela, Husaunndee, Inard, and Riederer 
(2009) used a statistical method (Design of Experiments) which is widely used for 
parametric studies to predict the energy demand of a three-storey office building in 
France. They developed numerous mathematical models and found that the models 
for annual heating demand were more accurate than those for annual cooling 
demand. They concluded that as there are many influencing factors (climate data, 
building specifications, building occupancy etc) contributing on the total energy 
consumption, the final models for annual cooling demand in a low energy building 
were more accurate than those for the annual total building energy consumption. 
Zero energy buildings worldwide have been investigated through a range of 
building energy simulation software. Such software typically requires, as main 
inputs, weather data for the specific climate (often in the form of Typical 
Meteorological Year – TMY), building construction details, renewable energy 
resource and technology information,  mechanical cooling and heating schedules, 
appliance lists and occupancy profiles. Using these inputs, simulation software can 
calculate internal temperature, space heating and cooling loads (HVAC) and lighting 
energy use.  (Gratia & De Herde, 2003) strategized design principals of a low energy 
office building by conducting frequent parametric simulations. They found suitable 
building orientation, good insulation levels and air tightness, good window 
orientation and glazing type and adequate ventilation in highly occupied office 
spaces essential approaches to a low energy office building.   
(Wang, et al., 2009) evaluated the possibility of a zero energy house in UK by 
modelling a passive solar house using EnergyPlus and TRNSYS. They found that 
zero energy houses are feasible in the UK by utilising the benefits of wind turbines, 
solar panels and hot water system as well as underfloor heating systems. Similar 
approaches and numerous simulations have been applied in other studies of (Lam, 
Wan, Tsang, & Yang, 2008), (O'Brien, Athienitis, & Kesik, 2011) and (Ruiz & 
Romero, 2011). Despite interesting findings, none of these studies compared and 
evaluated the simulation results with building actual performance.  
Comparisons between simulated and actual building performance provide 
interesting insights into building simulation tools, building processes and building 
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use.  As an instance, evaluation of the thermal performance of a non-air-conditioned 
sub-tropical house as designed compared with its thermal performance as built and 
occupied, reported 90% of annual hours within a specified comfort zone compared 
with a simulated performance of 65% within the same temperature band (Miller & 
Buys, 2012). The differences between simulated and actual thermal performance 
were attributed to construction improvements (e.g. additional insulation) and 
simulation software improvements (in operation and in modelling processes).  
Occupants’ behavioural patterns and how they operate the building is 
significantly important in regards to the building energy consumption. As an 
example, thirty months of monitoring of a US solar house showed that the simulation 
software over-predicted electricity consumption by 62% (Norton, Hancock et al. 
2004).  The main reason for the over prediction was attributed to differences between 
actual household behaviour and software assumptions. Similarly another 
investigation on a passive solar house in the US reveals 20% to 33% less energy 
consumption than the results of the predicted model.  Authors point out the 
uncertainty in assumptions of occupancy and weather conditions as the main factors 
of this difference (Stecher & Allison, 2012). Similar questioning of simulation 
software occupancy assumptions has resulted from Australian research which also 
revealed weaknesses in simulation software reliance on TMY data which 
incorporates neither considerations of site specific microclimate and urban heat 
island effect nor a warming climate (Miller, 2013; Miller & Shah Nazari, 2013; 
Saman, et al., 2013).  
One the other hand, other investigations on zero energy houses after occupancy 
show worse actual performance than prediction. This discrepancy may also be due to 
various uncertainties in simulation inputs and assumptions such as weather data files 
and occupants’ behaviour. For instance, a study of an occupied zero energy house in 
Sweden found that actual energy consumption was 10% higher than simulated, 
mainly due to the high use of plug loads and a higher temperature set point for space 
heating (Wall, 2006).  
Examination of occupancy effects on building thermal performance indicates 
that inhabitants with different characteristics and lifestyles extensively affect the 
building energy use profile (Guerra Santin, Itard, & Visscher, 2009; Peng et al., 
2012). This points to a continued need to compare and evaluate simulated and actual 
Hoda Shah Nazari - n8025886 27 
building performance in order to improve simulation software design, inform more 
realistic expectations of the impacts of energy efficiency building regulations, and 
educate building users to enable them to better manage their energy consumption and 
comfort.  
 
2.4 CHAPTER SUMMARY 
Thermal comfort, defined by temperature, humidity, air speed and other 
factors, is a perception of indoor thermal environment that is acceptable by the 
majority of people. The importance of a thermally comfortable space is important 
from numerous points of view, such as occupant’s health, occupants’ delight and 
building energy use. The temperature set point for heating or cooling influences 
buildings’ operational energy use. A small change in the indoor thermal environment 
can determine whether artificial heating or cooling devices are needed at all, and how 
much energy they will consumer to create a thermally comfortable environment.  
Indoor comfort conditions consequently change with outside weather and 
humans can tolerate and adapt to different temperature during different seasons.  This 
introduces the idea of adaptive temperature. Adaptive temperature is divisible into 
three main groups: (i) behavioural, (ii) physiological and (iii) psychological adaption. 
In Australia, to enable comparison of houses within the same climate zone, 
NatHERS determines thermal comfort conditions for occupants based on seasonal 
variations in each climate zone. These comfort conditions vary according to several 
factors including room occupation time, room chief function, the impact of outside 
climate on the room and occupant’s acclimatisation to the local climate. 
The provision of occupant thermal comfort is closely correlated to a building’s 
energy use. The necessity of reducing buildings’ energy use and increasing 
buildings’ energy efficiency, especially in residential sector, has lead to the 
development of various definitions and concepts of energy efficient buildings. 
Due to the high impact of buildings on energy consumption and the 
complexities of defining and evaluating net zero energy buildings, many countries 
have established regulations for energy efficient buildings in terms of energy 
intensity. Numerical modelling and computational simulation are popular methods 
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used to predict and analyse building performance in terms of thermal comfort and 
energy consumption. 
Many studies have proven that a large portion of energy consumption is used 
for buildings’ space heating and cooling purposes. Therefore, applying design and 
construction methods to more effectively provide comfortable conditions for the 
occupants has the potential to reduce air-conditioning energy consumption and costs 
in buildings. Using natural ventilation is one of the ways of conserving energy in 
non-conditioned buildings, and computational fluid dynamics (CFD) is an 
increasingly popular approach to model air flow within such buildings. This method 
provides a true understanding of how building layout affects the buildings’ indoor 
thermal environment and energy requirements.
 29 
 
Chapter 3: Methodology and the case study 
In this chapter we will introduce the selected case study house of the research, 
known as InsulLiving, the applied methodology, and the tools and software use 
during the study.  
3.1 THE CASE STUDY HOUSE  
The case study detached house, ‘InsulLiving’, was developed and built by a 
building product manufacturer (Bondor) in 2011, as a concept house for zero energy 
housing in Australia.  This concept house is located just north of Brisbane in SEQ 
and is typical of new detached housing in Australia in terms of size and general 
design.  Having a total floor area of 251.7 m
2
, the residence has four bedrooms (one 
used during this research period as a home office) and two bathrooms linked by a 
corridor to family room, kitchen and living room. A roofed parking garage is 
attached to the southwest part of the house and a covered outdoor living area 
(alfresco) on the east. The house is constructed on a cement slab. Figure 2 presents 
InsulLiving floor plan and elevations.  
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Figure 2: InsulLiving house floor plans and elevations 
A 2.1kW amorphous photovoltaic system (grid-connected) is mounted on the 
north facing (equatorial facing) roof. The wall and roof panels are a novel 
lightweight product manufactured by Metecno Pty Ltd. The panels are have a high 
thermal resistance (Metecno Pty Ltd, 2011). Thermal properties and thicknesses of 
InsulLiving construction are shown in Table 3.  
 
Table 3: Thermal properties and thicknesses of InsulLiving construction 
 
Thickness 
(mm) 
Mass 
(kg/m
2
) 
U-value 
(W/m
2
.k) 
R-Value 
(m
2
.k/W) 
SHGC 
Ratio to 
floor area 
External walls 140  12.5  0.27  3.69  - - 
Internal walls 90  11.8  0.43  2.35  - - 
Roof panels 100  13.5  0.34  2.9  - - 
G
la
zi
n
g
 
Louver 
windows with 
14 mm Red 
Cedar blades 
- - 4.39  0.27  0.095 
24.3% 
Louver 
windows with 6 
mm  grey 
toughened 
blades 
- - 6.2  0.61  0.51 
 
InsulLiving is a ‘smart house’ with a data logger collecting data from several 
meters and sensors networked inside the house. A weather station is located on the 
roof of the house, which collects microclimate data of temperature, humidity and 
rainfall. A number of sensors collecting temperature and humidity are installed in the 
family room, living room, all bedrooms, garage, and alfresco area. Two CO2 sensors 
are installed in the master bedroom and living room. All sensors inside and outside 
the house measure the variables every 15 minutes and the data is constantly being 
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sent to the main data logger inside the garage. Additionally, a separate meter is 
installed on each electrical circuits (lighting, power points, hot water, oven, air- 
conditioner and the solar panels), which measures the total kWh for each circuit 
every 60 minutes. 
The occupants of the house, for the research period March 2012 - April 2013, 
were a family of four (2 adults and 2 children under school age). No space cooling or 
heating appliances were considered or installed at the design and construction 
phases; however the occupants during this monitoring period used a plug-in electric 
heater in one of the bedrooms in winter (baby’s room) and requested an air-
conditioner for the living room in summer (January 2013). The implications of these 
occupant decisions will be discussed later in the discussion chapter. 
 
3.2 CLIMATE ZONE 
Australia has six broad climate zones ranging from tropical in the northern 
regions, through to temperate and cool climates in the south.  These major climate 
classes are further sub-divided based on the diversity in the seasonal temperature 
distribution and rainfall (Australian Bureau of Meteorology). Furthermore a more 
detailed climate classification is introduced by NatHERS, dividing Australian main 
climate zones into many regions of similar climate. Up to this point in time, 69 
climate zones have been introduced for Australia (2011). Based on the latter 
classification, the InsulLiving house in Burpengary is affected by two close climate 
zones: Amberley (zone 09) and Brisbane (zone10). Amberley is located about 60km 
south west Burpengary and is less affected by the coastal climate than the Brisbane 
climate zone. As the house is somewhat inland from the coast, in this research the 
climate zone 09 will be used in its analysis. Table 4 presents the annual, December 
(summer) and July (winter) meteorological data for 2012 of in Amberley weather 
station (zone 9). 
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Table 4: Climate information of Amberley weather station-climate zone 9, Australia 
 Annual 2012 Dec 2012 Jul 2012 
Mean maximum air T 27 °C 131.9 °C 21.1 °C 
Mean minimum air T 12.2 °C 18.1 °C 6.3 °C 
Mean air T at 9 am 20.1 °C 26.4 °C 7.8 °C 
Mean RH at 9 am 68% 56% 49% 
Mean wind speed at 9 am 7.2 km/h 13 km/h 8 km/h 
Mean air T at 3 pm 25.5 °C 29.9 °C 16.4 °C 
Mean RH at 3 pm 46% 44% 23% 
Mean wind speed at 3 pm 14.8 km/h 23 km/h 16 km/h 
Mean daily sun exposure  18.8 MJ/m
2
 24.5 MJ/m
2
 11.5 MJ/m
2
 
 
 
3.3 STAR BAND SYSTEM AND SIMULATION MODEL 
Residential buildings (the building envelope) in most states and territories of 
Australia are required to meet a minimum 6 star thermal energy rating (out of a 
possible 10), arguably implying a certain level of thermal comfort and operational 
energy use to achieve that thermal comfort. According to NatHERS principles, the 
more ‘stars’ a dwelling gains, the less likely the inhabitants will require conditioned 
air to achieve a specified comfortable indoor environment. A 10 star house in most 
climate zones is considered to be thermally comfortable independent of any artificial 
space heating or cooling appliances. Each star band includes a range of acceptable 
annual energy loads (for space heating and cooling) for dwellings based on the 
exposure climate zone as shown for Amberley in  
Table 5.  
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Table 5: Star rating bands for climate zone 9- Amberley 
Star rating 0.5 1 2 3 4 5 6 6.5 7 7.5 8 8.5 9 9.5 10 
Energy 
(MJ/m
2
.year) 
407 334 226 157 113 85 67 59 52 45 38 31 24 18 12 
Source: http://nathers.gov.au/about/star bands.php 
 
3.4 THERMAL AND ENERGY SIMULATION 
BERS Pro is an accepted thermal simulation software program under NatHERS 
accreditation.  It is used to simulate and analyse the house’s thermal performance and 
assign a star rating in the aforementioned Australian climates zones (Solar Logic, 
2012). Two different methods can be applied in BERS Pro for evaluating the thermal 
performance of the house. First, free running mode, where no heating and cooling is 
assumed in the house and the temperature of each room for each hour of the day can 
be obtained from the results. Secondly, conditioned mode, where, based on assumed 
building operation and cooling and heating thermostat settings, thermal heating and 
cooling loads are calculated according to the temperature profiles and occupancy 
parameters. The annual thermal load of the building as a whole is used to determine 
its NatHERS star rating, although the software also gives a rating for each room.  
In addition to the BERS Pro thermal simulation, thermal comfort of the family 
room is specifically studied in a psychometric chart. Mean daily temperature and 
humidity of the room for December and July 2012 are assessed according to the 
Australian temperature and humidity regulations for indoor spaces.  
3.4.1 Thermal and energy evaluation approach 
Actual performance data from sensors for the time 1April 2012 to 31 March 
2013 will be compared with the predicted results. The methodology for enabling 
comparison of internal temperatures with external temperatures and simulated results 
included: 
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 Categorisation of measured hourly mean temperature of different rooms of 
the house into different temperature bands and creation of an annual 
temperature histogram  
 Development of a psychometric chart to analyse the hours and days each 
room was inside the thermal comfort zone.  
 Creation of a computational model of the building using BersPro, based on 
data gathered from building documents (as designed) and a physical 
inspection of the building (as constructed).   
 Simulation of the building in both conditioned and free running mode will 
be reviewed.  
The same approach as outlined above was applied to the house energy analysis, 
using measured data from the electricity circuits and solar power system.  Measured 
data will be compared with simulated data. Similar methodology, which is brought in 
Appendix A, was enhanced in another study by the author  
 
3.5  NATURAL VENTILATION SIMULATION 
In addition to thermal and energy analyses, a three dimensional model of the 
house affected by natural ventilation will be created and simulated to demonstrate 
how the air flow affects the house’s indoor environment. Computational fluid 
dynamics modelling, as the most accurate method of the predicting air flow, will be 
applied in order to model and simulate the air stream pattern inside the building.  
3.5.1 Natural ventilation approach 
This section reviews the physical and numerical model applied for the natural 
ventilation simulation, while using the commercial software “Fluent”. The following 
briefly describes the governing equations and models applied to simulate the natural 
ventilation effect on the case study building. Mainly the variables are governed by 
three-dimensional Navier-Stokes and the energy transport (Temam, 1984; 
Zeytounian, 2012) equations. Equations 2, 3 and 4 generally explain the mass, 
momentum and energy conservation respectively. 
  
  
                 Equation 2 
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where  ρ= fluid density 
    = velocity vector. 
 
  
                                    Equation 3 
 
Where  p= pressure 
   = stress tensor  
    = gravitational body force vector 
 
 
  
                                         Equation 4 
 
Where  E = total energy  
   = the effective conductivity 
   = viscous heating present in the flow 
   = energy source term (variant in each case)  
The simplified conservation equations of mass, momentum and energy for 
incompressible flows are respectively presented (Stoakes, et al., 2011): 
 
               Equation 5 
 
   
  
           
 
  
   
 
  
                      Equation 6 
 
  
  
                   Equation 7 
 
Where  β = thermal expansion coefficient (Kays, Crawford, & Weigand, 
1993) 
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Fluent applies a control volume approach (finite volume approach) to calculate 
the dependent variables like velocity and temperature, at the centre of each cell 
(node). In this study, a second-order upwind discretization scheme is engaged to 
compute variables at the face using the nodes’ data. The second order upwind 
scheme uses a Taylor series expansion of the variable about the cell face to compute 
flux values.  
The standard k-ε turbulence model is used in this study, which uses two 
additional transport equations to model the effects of turbulence on the whole flow 
field. The additional transport equations are used to calculate the turbulent kinetic 
energy, k, and the turbulent dissipation rate. In the standard k- ε model, the transport 
equations for k and ε are given by: 
 
 
 
  
                  
  
  
                 
                   Equation 8 
 
 
 
 
  
                     
  
  
        
 
 
                
  
 
    
                   Equation 9 
 
Where  Gk = turbulent kinetic energy from mean velocity gradients 
 Gb = turbulent kinetic energy from buoyancy 
 Sk = source terms for k 
 Sε = source terms for ε  
C1ε, C2ε, and C3ε are constants; σk and σε are turbulent Prandtl numbers for k and ε 
respectively; and μt is the turbulent viscosity. 
Fluent has an option to monitor the residuals during problem solving. The 
default value is 1.0e
-3
 and 1.0
e-6 
for continuity, k, ε, velocity; and energy respectively. 
In this study the simulations were considered converged when residuals dropped at 
least four orders of magnitude for continuity, k, ε, velocity; and eight orders of 
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magnitude for energy. The processing option in this case was serial without using 
high performance computing. 
Pseudo-iteration is an iterative method within a time step which is used to 
guarantee that all variables are reasonably converged. For simulation in this study, 25 
iterations per time step are considered. The simulation in this study is time dependent 
and time is discretized using a second order implicit method. Stability in the 
simulation is governed by Courant-Friedrichs-Levy (CFL) number:  
     
      
  
                  Equation 10 
 
, where Δx is the minimum grid spacing, u0 is the velocity specified at an inlet and t 
is the size of the time step. An initial time step for the case study is calculated to 
achieve the CFL number near unity. Therefore, the ultimate time step size is reduced 
to 0.023 seconds which results in a CFL number of 0.0966 and conclusively 
acceleration in solving the solution. 
3.5.2 Meshing resolution 
The geometry of the building was drawn in drawing software (AutoCAD), and 
then converted in IGES format and finally imported into the grid generation software 
(Mesh in ANSYS workbench) for meshing. After the model was refined in the 
meshing software, the developed geometry was meshed. Mesh examinations were 
conducted on the model in order to ensure that the solution is grid independent. First, 
an initial simulation was run on the grid until the results reached convergence. Next, 
the mesh was refined by changing the global grid sizing to create finer cells 
throughout the domain. The simulation was run for the new grid and after achieving 
divergence, the monitor point values of the two simulations were compared. This 
step was repeated until the imbalances of the monitor point values were in the two 
last simulations were below 3%. 
As the house has a non- symmetric complex geometry, an unstructured mesh 
was applied. Totally 188275 nodes were created. The node spacing varies throughout 
the model, with the smallest spacing of approximately 10 cm and the largest spacing 
of 50 cm.  
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3.5.3 Boundary conditions 
The meshed geometry was then exported into Fluent software, where the 
ultimate simulation properties were set. The material properties of the building 
components (Table 3 ) were added in the Fluent material library and then assigned to 
the building components. Three different boundary conditions were considered for 
the house: (i) wall, (ii) velocity inlet, (iii) outflow. Wall boundary condition is 
assigned to the building’s roof, walls, floor and closed windows, while the velocity 
inlet boundary condition is assigned to the open windows exposed to the prevailing 
wind. The wind speed at the inlets is assumed based on the meteorological data of 
the Amberley station. The measured mean wind speed at the meteorology station (at 
24 m elevation) for 3:00 pm of the selected date (13 January 2013) is 28 km/h, which 
corresponds to about 4.2 m/s at a height of 1.5 metre using the following common 
equation (Aynsley, Melbourne, & Vickery, 1977): 
  
  
  
 
  
 
 
         Equation 11 
           
Where      = wind speed at an anemometer height (24 metre) 
      = wind speed height of the subject 
  Z = height of subject (at middle of the windows) 
     = height of the anemometer 
   α = mean speed exponent (0.22 for urban suburban)  
The wind during the simulations breezes from the east-north-east side of the 
house according to the Bureau of Meteorology with the temperature of 28.5 °C. The 
assumed indoor temperature is considered 33°C average for the whole unconditioned 
house, which is taken from a similarly hot day in January (13 January) with alike 
outdoor temperature when no air conditioning was applied. Figure 3 shows the 
boundary conditions of the problem in a three dimensional model for the natural 
ventilation modelling.  
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Figure 3: Boundary conditions of the InsulLiving 
 
3.6 STUDY CONSTRAINTS 
Due to variations in the initial data, this research mainly focuses on two rooms 
only (the main family room and a child’s bedroom), analysing their thermal 
performance annually, monthly and for the coldest and hottest day in this period. 
Finally the house performance will be compared to other similar houses in SEQ in 
the discussed section. The CFD simulation for the natural ventilation modelling 
considers the outdoor and indoor meteorological data for a summer hot day (13 
January 2013) before the air-conditioning installation. 
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Chapter 4: Case study thermal performance 
This section reviews the result of the thermal and energy analysis of the house.  
4.1 HOUSE THERMAL PERFORMANCE  
The following results reveal the InsulLiving actual thermal performance 
(histograms and psychometric), predicted performance with related software 
(conditioned and free running mode) and finally house energy balance during the 
monitoring period.  
The concept of thermal comfort is implied in the thermostat settings while 
assessing buildings. These thermostat settings specify when heating or cooling is 
‘switched on’ in the computer simulations. Thermal comfort levels in this work is 
evaluated by the temperature limits introduced by the two following equations  
(Auliciems & Szokolay, 2007) as applied to the mean 2012 temperature recorded at 
Amberley (Australian Bureau of Meteorology, 2013) :  
                                    Equation 12 
 
                                  Equation 13 
 
Where     = thermal neutrality  
     = mean outdoor monthly temperature  
The maximum (summer) range of thermal comfort band from equation 12 is 
23-28 °C and the minimum (winter) range from equation 13 is 18.1-25.4 °C. Hence, 
in this research, an extended comfort band of 18-28 °C and an abbreviated comfort 
band of 20- 26 °C is used. The same extended  comfort band has previously been 
applied in a study of thermal performance of Australian houses in a similar climatic 
context (Miller, et al., 2012). 
The house was modelled using BersPro4.2 and the predicted temperature for 
the house in the abovementioned climate zone was compared with measured 
temperature data. Figure 4 shows the real and forecast thermal performance of the 
42 Chapter 4: Case study thermal performance 
family room and one of the bedrooms in terms of number of annual hours within 
each temperature band during the monitoring period. Both conditioned and free 
running modes were simulated, reflecting expected performance with and without 
heating and cooling. The graph is colour coded to easily depict the abbreviated 
comfort band (dark green), the extended comfort band (all shades of green), and 
periods hotter (red) and colder (blue) than the comfort band.   
 
 
Figure 4: Histograms of annual hours in different temperature bands from April 2012 to March 2013 
 
Several important conclusions can be obtained from a comparison of the 
temperature histograms. Initially, measured data shows that both rooms spent more 
than 89% of year within the assumed broad comfort band of 18 – 28oC. None of the 
rooms experienced temperatures lower than 12
o
C although the outdoor histogram 
(microclimate) shows relatively extended cold hours (10% below 12°C and 19.5% 
below 15
o
C) in a year. It is also worth noting that the microclimate of the house 
(measured onsite outdoor temperature) was slightly milder (less temperature 
extremes) than the Amberley climate (TMY weather data) used in the simulation 
tools (histogram 1 vs. histogram 6).  
Next, the family room had fewer hours (211) above the comfort band (29 to 
32
o
C) and more hours (120) below the comfort band (15-18
o
C) than the bedroom. 
This is consistent with the use of an air conditioner in the family room for some day 
time summer cooling and the use of a plug-in radiant heater in the child’s bedroom 
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for some night time winter heating. The extent of the heating and cooling used can be 
seen by comparing the free-running simulations for each room with the measured 
temperature histograms (compare rows 4 and 7; 5 and 8).  The graphs show that 
heating and cooling devices were used to assist in moderating the indoor conditions, 
reducing but not eliminating the hours outside of the extended comfort zone.  
Third, it is interesting that in this house there is a very small difference 
between the free running and conditioned modes in terms of number of hours within 
the 20-26 degree temperature band (Table 6). This shows that the building 
characteristics of these rooms provide a level of comfort that is very close to the 
comfort assumptions of the simulation tool.  The operation of heating and cooling 
devices in accordance with NatHERS requirements has the effect of increasing the 
percentage of time within the abbreviated comfort zone, and eliminating the 
temperature extremes (dark red, dark blue) at times when the rooms are likely to be 
occupied. 
 
Table 6: Comparison of free running and conditioned modes 
Room Hours< 18oC Hours 20-26oC Hours > 28oC 
Bedroom– free running 1182 5386 433 
Bedroom - conditioned 652 5440 426 
Family room – free running 668 6043 456 
Family room - conditioned 668 6286 185 
 
 
 
Finally a comparison between field measurements and simulation results 
indicates that the bedroom performed ‘better’ (i.e. more hours in the comfort band) 
than either of the simulation results (free running and conditioned mode).  This 
would appear to indicate that the room was operated in a different manner than 
NatHERS assumptions, most likely through a slightly higher heating set point or 
different operating hours.  This would not be unusual for an infant’s bedroom. The 
actual ‘discomfort’ hours in the family room were less than simulated in free running 
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mode, but more than conditioned mode.  This would seem to indicate that the family 
wanted more comfort than the building could provide without cooling, but that they 
used the cooling device less frequently than assumed in the simulations. These 
findings reflect NatHERS acknowledgement that actual building operation will vary 
depending on a range of occupant demographics. A different family (e.g. with older 
children) living in the same house may not have required the use of additional 
heating or cooling, or may have required more heating and cooling.  Regardless of 
occupant behaviour, however, the small differences between free running and 
conditioned modes and actual operation show that the building itself provides a high 
potential to provide comfort for this climate zone and comparatively little heating or 
cooling would be required to enhance this comfort if occupants desired.   
To better understand the performance of these rooms particularly during 
extreme days, mean hourly temperatures of the family room and bedroom were 
studied for the coldest and hottest days of the monitoring period. The coldest day (4 
July 2012) was the day with the lowest minimum temperature measured by the 
house’s weather station, whereas the hottest day was that with the highest maximum 
outside temperature (4 December 2012). The occupants regularly used a heater in the 
bedroom (an infant’s room) between late March and late August and an air 
conditioner was installed in the family room in mid-January 2013.  The hottest day 
after the air conditioner installation (17 January 2013) was also studied to analyse the 
conditioned situation of the family room.  Comparisons were made between 
measured and simulated temperatures (based on TMY data) in the family room on 
the hottest day prior to air conditioner installation (Figure 5) and for the bedroom on 
the coldest day (Figure 6).  
Firstly Figure 5 illustrates that on an extremely hot day with an outside 
temperature of about 39
o
C, the unconditioned family room did have a higher 
temperature than the maximum limit of the extended comfort band (28
o
C) from 7:30 
am to 11 pm (orange shaded area). Furthermore, the room did not cool down 
overnight to the same extent as the external temperature (yellow shaded area).  One 
possible reason for this could be the high thermal resistance of the wall and roof 
products which would limit heat exit through the building envelope, as once the heat 
enters a closed space like a building it becomes more difficult to be evacuated from 
that space. However the same high thermal resistance would have contributed to 
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limiting heat ingress as well, shown by the gentler curve of the internal temperature 
profile compared with the external temperature profile and the lower overall 
temperature.  A more likely explanation is that the occupants did not utilise the 
design options in this house to allow for night venting. All windows in this house are 
louvers which provide 90% opening for natural ventilation and excellent refinement 
and control of cross ventilation.  Several louver openings are also provided at the 
highest roof height to allow for stack ventilation and night time cooling (above the 
southern entrance and on the northern wall of the family room). There is no evidence 
that, for this hot day, these design features were utilised by occupants to purge the 
excess heat over night.   
Furthermore it is interesting that the simulated prediction of this unconditioned 
room expected that the house would be within the broad comfort band all day.  There 
are two possible explanations for why this did not happen.  First, the TMY outdoor 
temperature and the actual outdoor temperature were vastly different (25.5 to 39
o
C); 
therefore the actual performance and predicted performance cannot be compared.  
This is discussed in more detail later.  Second, predicted performance is based on 
assumptions about occupant behaviour, such as using outdoor adjustable shading if 
the outside temperature is higher than 26
o
C, or, if external shading is not available, 
using indoor shading (e.g. curtains) if the outdoor temperature is >28.5
o
C and the 
incident solar irradiance on glazing exceeds 200 W/m
2 
(NatHERS National 
Administrator, 2012). Other assumed behaviours include applying natural ventilation 
through openings (if the outdoor climate is desirable) and using artificial devices like 
ceiling fans to increase air movement in a space (Department of Resources Energy 
and Tourism, 2011). Hence it is possible that this family, with young children, did 
not operate the house to minimise the potential for heat to transfer into the building 
(either through openings or through glazing). For example, casual conversations with 
the family indicated that it was quite usual for the doors to the outdoor living area to 
remain open during the day to allow children to freely play inside and outside. No 
curtains or window shading devices were present. Finally, the figure reveals that the 
software expected the family room temperature to be higher than the outside 
temperature for an extended time (between 7:30 am to around 9:00 pm), while the 
actual temperature was relatively 7 degrees below the outside temperature at this 
period.       
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Figure 5: Comparison of mean hourly temperature of the family room on the hottest day of 2012 
 
During the coldest day (Figure 6), for most of the time the bedroom 
temperature meets the NatHERS assumptions for minimum thermostat setting in a 
sleeping zone, which is a thermostat setting of 15 °C from midnight to 7 am and 
18°C for the rest of a day (excluding 9am to 4pm when no heating is assumed) in a 
conditioned bedroom space (NatHERS National Administrator, 2012). From 
midnight to 7 am, the bedroom temperature fell from 18.5°C to 16.5°C (green shaded 
area), which is consistent with the aforementioned regulation by NatHERS. Then, 
from 7 am to 9 am the room’s temperature rose slightly, but was below the NatHERS 
thermostat setting (blue shaded area). Also, between 9 am to 4 pm (when NatHERS 
assumes no heating), the temperature increased to around 22°C. The electricity data 
of the house indicated that at this period, the use of the heater was probable. It seems 
the room temperature started to rise at 9 am and continued to gain heat until the 
afternoon. Two main reasons are arguable in this regard.  First, the residents used the 
electrical heater in the morning to keep a moderate temperature in the baby’s room. 
Second, the room started to gain more solar heat from the daily solar radiation (mean 
11.5 MJ/m
2
) as the time passed.  This latter reason is more applicable after 12 noon, 
as the bedroom was in the western side of the house and benefited more from the 
afternoon solar heat.  Also the temperature profiles signify that even though the 
outside temperature dropped dramatically during early morning hours, the room was 
not intensely affected by the outside temperature. This may also be an effect of high 
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insulation of walls and roofs which reduces heat conduction through the building 
facade when there was a high temperature discrepancy between indoor and outdoor. 
 
 
 
Figure 6: Comparison of mean hourly temperature of the bedroom on the coldest day of 2012 
 
More detailed studies were carried out on the family room temperature after the 
installation of the air conditioner, to compare simulated temperature and occupant 
assumptions with actual occupants cooling behaviour (Figure 7). The software 
assumption in a conditioned mode was a split system air conditioner with a COP of 
3.1, a default cooling thermostat of 26 °C and an operational period from 8 am to 
midnight. Several points from the figures can be extracted. First, the family room 
temperature was constantly within the comfort band for the whole day. Second, the 
climax point in the actual temperature profile indicates the tenants started cooling 
down the room at 7am which matches the increasing electricity use profile. Artificial 
cooling continued for the whole day and seems to have stopped in late afternoon 
(about 4pm), when the room temperature was 25 °C, perhaps an occupant reaction to 
a falling outside temperature. The room temperature deviated between 24 - 26 °C 
during the time the energy circuit proved the air conditioner was in use.  This could 
be indicative of an air conditioner with a set point of 25
o
C, ± 1
o
C whereas the 
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simulated temperature seems to indicate a set point of 26
o
C ± 2
o
C (indicated by the 
on/off cycles) as well as cooling commencement at 8am.  
 
 
Figure 7: Comparison of mean hourly temperature of the bedroom on the coldest day of 2013 
 
Figure 8 compares the actual room’s temperature and air conditioner use on 
this hot day with software predictions. There is a great pattern difference of the air 
conditioner use between actual and predicted modes. The predicted energy use line 
(the solid blue line) shows assumed operational hours of a few hours between 8:00 
am to 3:00 pm, whilst the measured energy used (the dotted blue line) seems to 
indicate constant operation between 8:00 am and 6:00 pm.  It is also interesting to 
see that the simulated model assumed no cooling services (zero used energy) for a 
short period after midday, allowing the room temperature to rise to close to 29 °C. 
This may be because the simulations expected a lag in room maximum temperature 
through the building envelope, and/or that occupants would use ceiling fans at this 
time to enhance comfort.  
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Figure 8: Comparison of mean hourly temperature and air conditioner energy usage in the hottest day 
of 2013 
 
To add to an understanding of the house’s comfort conditions, the daily 
temperature and relative humidity in a year were taken into account. During the 
previous sections, the relative humidity was not considered. Studies have been 
carried out on the importance of humidity and air movement on human thermal 
comfort, with some studies implying that in hot and humid climates, air movement 
and humidity are significant factors in providing comfort through evaporation (Nicol, 
2004). It has also been argued that high and low relative humidity levels cause 
various human health problems such as air microbial issues and allergies from house 
dust mites (Brown, 1997). Brown suggests 30 -70% relative humidity for general 
human comfort and health and 40-60% as the best humidity range for the indoor 
environment. A psychometric chart was developed to combine these two bands of 
relative humidity recommendations with the two temperature bands mentioned 
previously, to give an overall depiction of an abbreviated and extended comfort zone 
for this residence (Figure 9).  The blue edge specifies an extended comfort area with 
a temperature range of 18 – 28oC and relative humidity range of 30-70%.  The green 
boundaries represent an abbreviated or narrower comfort band (temperature 20-26
o
C 
and relative humidity 40-60%). The measured mean daily relative humidity and 
temperature data for July and December for the family room are represented by the 
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orange (July) and green (December) dots. It is observable that most days in July were 
inside the abbreviated comfort zone, with a few days in the extended comfort zone 
and two days (13 and 14 July) beyond this zone (respectively relative humidity of 
73% and 71%). Despite having acceptable temperature, days with  relative humidity 
higher than 70% demonstrate unsuitable conditions as high relative humidity may 
lead to indoor microbial problems in buildings (Brown, 1997).    
  
 
Figure 9: Mean daily temperature of family room in December and July 2012 on psychometric chart 
 
During summer, however, approximately 70% of days were inside the 
extended comfort zone, with a few within the abbreviated zone. The rest of the days 
(5-6-17-18-21-22-23 December) had an acceptable relative humidity but a high 
temperature. No explanation could be found for the extremely low relative humidity 
(22%) on the 5
th
 December: no dehumidification was used on this day and the mean 
temperature was similar to the previous day. Generally, all of the days outside the 
abbreviated comfort zone but inside the extended comfort zone could be considered 
acceptable. For days beyond the extended comfort area, given the relative humidity 
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and dry bulb temperature, the apparent temperatures are calculated and verified by 
the apparent temperature table presented by the Bureau of Meteorology (Australian 
Bureau of Meteorology, 2013). The critical days of July (13 and 14 July) had an 
apparent temperature of 26
o
C which is acceptable as a comfortable condition. 
However in December, all ‘outside comfort days’ except 5th December, had an 
apparent temperature of 30
o
C and above, which could be considered as not 
acceptable for comfort. 
This section has explored the performance of the house in terms of its ability to 
provide thermal comfort for its residents. It compared simulated and actual 
performance data of the house to demonstrate that in one year of operation, the house 
had a total of 11% of discomfort hours. On the coldest day, the bedroom achieved a 
comfort condition with a help of artificial heating. The family room could not have 
an acceptable thermal comfort performance without an air conditioner during the 
hottest day, while daily analysis on the thermal comfort of the family room 
demonstrated that this room provided a comfortable environment for most of the 
time in July and December.   
 
4.2 HOUSE ENERGY ANALYSIS 
In this section the performance of the InsulLiving house was studied in terms 
of operational energy use, energy generation and net energy balance during the 
monitored period. Given various definitions of net zero energy buildings previously 
introduced and explained, InsulLiving data of used energy and produced solar energy 
for a year (01/04/2012 – 31/03/2013) was analysed to understand which 
classification best described this particular house. Delivered energy to the building 
was in the form of electricity and gas, however during this research only electricity 
energy was being measured and unfortunately data for gas consumption (for a 2
nd
 
water heater) was not available. The energy profile of the house (Table 7) shows 
annual energy generation from solar and annual consumed energy for different 
energy services within the house. Cooking and hot water services had the least 
energy portions while plug loads were the most energy consuming sector (61%). The 
annual solar energy generation of the house covers 41% of household energy use, 
representing sufficient to ‘offset’ the energy consumed for cooking, space cooling 
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(air conditioner), most hot water, lighting, and space heating (part of the plug load). 
Note that the house has two hot water systems.  The main system, providing water 
heating to bathrooms, is an electric heat pump. The secondary system, providing 
water heating for the kitchen and laundry, is an instantaneous gas heater (i.e. there is 
no hot water storage tank.  The system only heats the actual quantity of water 
required for specific washing tasks).The net annual balance of electricity energy was       
-17236.12 MJ which was far from the net zero energy definition.  
 
Table 7: Annual energy consumption per service and energy generated 
Section Cooking Hot water Air conditioner Lighting Power plugs Solar panels 
Total energy 
(MJ) 
1042.61 2123.80 2299.11 6047.57 17718.13 11995.10 
Percentage 
(%) 
3 7 8 21 61 - 
 
 
Different time frames can be used for evaluating the energy balance in net zero 
energy buildings such as operating time, a year, a season or a month (Hernandez & 
Kenny, 2010; Marszal, et al., 2011; Wang, et al., 2009). In this section, the net 
energy balance of the house is assessed on a daily, monthly and yearly basis, for 
electrical services (all stationary energy services of the house with the exception of 
water heating for the kitchen and laundry, supplied by a gas). We have already seen 
that the annual net electrical energy balance, derived by deducting generated 
electricity from consumption, did not meet a net zero energy criteria.   
Additionally monthly analysis in Table 8 demonstrated that, for all months, 
more electricity was consumed than was generated.  The daily energy data of the 
house exposes that the house had the net zero energy result for a total of 43 days of 
the first year of occupancy (Table 9).  
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Table 8: Monthly electrical energy- consumed, generated and net  
Month Total used electricity (MJ) Total generated electricity (MJ) Total net electricity (MJ)  
Jan 2013 3244.43 1143.13 -2101.3 
Feb 2013 3066.88 900.03 -2166.85 
Mar 2013 1139.12 402.01 -737.11 
Apr 2012 1874.77 916.5 -958.27 
May 2012 2409.36 972 -1437.36 
Jun 2012 3018.29 727.99 -2290.3 
Jul 2012 2976.36 867.11 -2109.25 
Aug 2012 3287.55 1160.03 -2127.52 
Sep 2012 1898.62 1146.78 -751.84 
Oct 2012 1860.64 1237.75 -622.89 
Nov 2012 2529.68 1225.71 -1303.97 
Dec 2012 1925.46 1296 -629.46 
 
 
 
Table 9: Number of days with net electricity energy use of the house in each month 
Month Number of days  
Spring 2012 14 
Summer 2013 14 
Autumn 2013 4 
Winter 2012 11 
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Daily energy use and solar power generation was evaluated for July 2012 
(winter) and January 2013 (summer) (Figure 10 and Figure 11).  During July the 
energy balance was negative (more consumed than generated) for all but six days.  
On these six days, in addition to low plug loads, there was no cooking load, likely 
indicating that the family was not occupying the house on those days. Interestingly 
no hot water loads are recorded for 12
th
 to 23
rd
, but there are plug loads during that 
period. This could indicate that the house was not fully occupied at this time.  
With fluctuating daily solar radiation in July , minimum 4.3 MJ/m
2
 on cloudy 
days and maximum 15.3 MJ/m
2 
with clear sky (Australian Bureau of Meteorology, 
2013), the solar generation, whilst not enough for all electric loads, supplied enough 
electricity to cover the energy consumption for lighting, main hot water system and 
cooking. As the daily energy use of the space heater in the bedroom was not 
measured, it is not possible to estimate whether the solar energy covered the heating 
energy on those days. On the other hand, in spite of higher solar radiation in January 
(highest monthly mean = 27.1 MJ/m
2
) (Australian Bureau of Meteorology, 2013), the 
net electrical energy balance was negative for all days except four.  Again it appears 
as if the owners were not at home on those days.  Figure 11 also shows the energy 
used for cooling since mid January. During other days with no zero energy 
achievement, again the solar panels provided enough energy for lighting, hot water, 
and cooking.  
In late January (21
st
 – 31st) the difference between energy consumed and 
energy generated increased for two reasons.  First, the solar power system produced 
less energy than earlier in the month, reflective of BOM data that indicates great 
variations in solar radiation (2.7 MJ/m2 to 29.4 MJ/m
2
) with eight days having solar 
radiation below 24.3 MJ/m
2
 (daily average radiation in January for this region)  
(Australian Bureau of Meteorology, 2013).  
Taking into account the daily rainfall and solar exposure of those eight days 
from BOM weather data reveals that three days (24
th
, 26
th
 and 27
th
) with a low mean 
daily solar exposure and low daily rainfall (0-73 mm) had a significant small solar 
energy generation (max 9 kW). On the other hand, the rest of the days with a higher 
amount of precipitation (0.8-146 mm), more solar energy was produced (20-40 kW). 
The reason for this is not clear. 
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Second, the air conditioner was consecutively used during those days although 
the outside temperature was lower than the first week of AC installation (14
th
 to 21
st
). 
It is interesting that despite lower solar radiation and a comparative decrease in daily 
maximum temperature in late January, nevertheless occupants still utilised artificial 
cooling.  
Lastly, comparing both figures shows that the plug loads for winter were 
considerably higher than summer, which could be due to the bedroom heater 
(supplied from the power point circuit).  It could also be a reflection of shorter and 
colder days, and hence more indoor activities utilising plug in loads. On the other 
hand more energy was utilised by the lighting circuit in summer than winter which is 
unusual, as the day length in January was approximately 3.5 hours longer than July 
(Australian Government-Geoscience Australia, 2013).  The probable reason for a 
higher lighting load in summer than winter could be the use of ceiling fans (which 
were on the lighting circuit).  
 
 
Figure 10: Comparison of daily used and produced energy of the house in July 2012 
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Figure 11: Comparison of daily used and produced energy of the house in January 2013 
 
To evaluate the energy balance for space heating and cooling only, the 
simulated and measured energy for these services were compared (Table 10). Energy 
used by the electric radiator (resistance heater) during winter was measured by a 
plug-meter, whilst the energy used by the air conditioner was recorded on its 
dedicated circuit. A number of key findings emerged.  The total energy used by the 
heater was more than three times greater than what simulations expected. To 
understand this great difference the bedroom’s hourly temperature profile during 
operation days was investigated and found that only 15% of hours were less than 18 
°C (compared with simulation results indicating 25 %).  This could be explained as 
evidence of ‘overuse’ of a heater in autumn and winter, or of the different thermal 
needs (perceived or real) of infants compared with older children or adults. 
In contrast, the cooling energy demanded by residents was 2% less than 
simulated, most likely explained by the installation of the air conditioner mid-way 
through summer. Assuming that the residents were able to install an air conditioner 
at any time, this would appear to indicate that they were content with thermal 
comfort up until early January, at which stage they organised for an air conditioner to 
be installed. The last column in Table 10  illustrates the annual energy intensity in 
terms of conditioned living areas of the house. This criterion is typically used by 
NatHERS to allocate star ratings for houses in different climate zones. In this case 
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Table 10 represents the star rating and maximum energy load per living area in a year 
(MJ/m
2
.annuam) of each band in climate zone 9 (Amberley). It is remarkable that 
NatHERS assumes all sleeping and living zones to benefit from heating and cooling 
for a better comparison of dwellings in one climate zone; hence in Table 10 the star 
rating for the BERS Pro model according to occupants’ actual behaviour is not 
applicable and the star rating comparison is only possible between the two other 
models (field measurements and NatHERS).  
Comparison of the energy intensity (MJ/m2) shows that the family room was 
occupied and operated close to the simulated results, but the bedroom used more 
energy than simulated.  The likely reasons for this have been discussed previously.  
Overall, considering total cooling and heating energy for the whole living area, the 
dwelling achieves a 10 star rating (the highest) in real life for its first year of 
occupancy.  This was achieved, however, by the residents not feeling the necessity to 
condition all bedroom and living areas (different to NatHERS requirements), but 
selectively choosing when and where to modify the indoor environment. 
Additionally, comparing the energy intensity and the gained stars in the actual model 
and the model based on the NatHERS regulation (conditioning all living and sleeping 
spaces) shows that the house (excluding the bedroom) performed better than what 
regulation indicates. 
Given the net zero energy building definitions, this section has shown that, for 
all electrical services, the house did not meet the definition for net zero energy on an 
annual or monthly basis. It succeeded in achieving net zero electricity energy for 43 
days, mostly on weekends and days when it appears the house was unoccupied. 
However, the house did meet the definition of net zero energy on an annual and 
monthly basis for lighting, cooking and space heating / cooling and for 70% of days 
for lighting, hot water and cooking services.  
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Table 10: Comparison of total heating and cooling energy of the house 
 Application 
Area 
(m
2
) 
Total Energy 
(MJ/per year) 
Energy intensity 
(MJ/m
2
.per year) 
Star 
Rating 
Field measurement      
 Bedroom Heating 11.4 449.64 39.44 7.5 
 Family room Cooling 78.6 2299.11 29.25 9 
 House 
Heating 
Cooling 
251.7 2748.75 10.92 10 
BERS Pro model 
according to occupant’s 
behaviour 
     
 Bedroom Heating 11.4 119 10.43 
Not 
available 
 Family room Cooling 78.6 2355 29.96 
Not 
available 
 House 
Heating 
Cooling 
251.7 2474 9.82 
Not 
available 
BERS Pro model 
according to NatHERS 
     
 Bedroom 
Heating 
Cooling 
11.4 150 13.15 9.5 
 Family room 
Heating 
Cooling 
78.6 4381 55.73 6.5 
 House 
Heating 
Cooling 
251.7 7842 31.15 8 
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Chapter 5: Case study natural ventilation 
effect  
This section will study the effect of natural ventilation on the thermal 
conditions of InsulLiving on a hot day of monitoring period, 13 January 2013. The 
model assumes a hot summer day afternoon (at 3 pm), when neither air conditioner 
nor ceiling fans are used. The indoor temperature is 33 °C and the wind consistently 
enters the building through open louvers shown in Figure 3, with the temperature of 
about 28.5°C and speed of 2.5 m/s. The following results show the effect of cross 
ventilation and top-down ventilation effect on the house indoor temperature.  
Temperature contours of the house after 6 minutes are presented in Figure 12. 
In the figure, the upper frame presents a horizontal profile of the house on the height 
of 1.50 metre above the floor; the second and third frames (section A-A and section 
B-B) show the vertical crossing sections; and finally the last frame illustrates the 
temperature contours in the isometric view of the house. The indoor temperature 
slightly starts decreasing as soon as the wind enters the house through the openings. 
Eventually the temperature of the majority of the house area decreases to about 29°C. 
Nevertheless some spaces, such as the corners of bedrooms and bathrooms, have a 
higher temperature range as they were less affected by the entering air current. 
Similarly, as none of the garage’s windows or doors is assumed opened in the model, 
the air could not significantly chill this space, making the garage temperature 
relatively higher than the other spaces. The temperature of the garage only decreases 
about 1 degree compared to the initial temperature of the model (33°C). The slight 
temperature divergence could be a result of the air leakage of the connecting door 
between the house corridor and the garage which allows air exchange between these 
two areas.  
In Figure 12, the first frame illustrates that the western side of the house (upper 
rooms in the plan view) has relatively warmer colour contours (higher temperature) 
than the other sides. This could be an explanation of the direct solar radiation on the 
western side of the house in the afternoon. According to Australian Geosciences 
website, (Australian Government Geoscience Australia, 2010) the solar altitude and 
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azimuth angle at the time of the simulation are 268°41'56" and 48°11'59"  
respectively, which implies intense afternoon sun rays on the western roof and walls 
of the house. Also, the two sections in Figure 12 display the thin air layers near the 
roof having a quite higher temperature, whilst the near floor air layers appear to have 
lower temperature.  
 
 
Figure 12: Contours of air temperature after 6 minutes 
Hoda Shah Nazari – n8025886 61 
 
Next, Figure 13 presents the contours of the air velocity within the building 
over 6 minutes. The figure includes three different frames; the first frame 
demonstrates the horizontal plane of the house at the height of 1.5 metre, the second 
frame and the last frame show the vertical sections of the house. The figure illustrates 
that the incoming air has the highest speed at the inlets while the air speed reduces as 
it moves through the building. At this stage, the air has diverse velocities in different 
positions of the house and some room corners and closed areas have a low or zero air 
velocity as the inward air has small infiltration in those spaces. On the other hand, 
high speed air blast could be seen near the outlets, although the outgoing air has a 
lower air velocity that the incoming.  
 
 
Figure 13: Contours of air velocity after 6 minutes 
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To fully understand the flow field changes versus time, the average 
temperature and velocity magnitude sequences for every one minute are respectively 
shown in Figure 14 and Figure 15. The two graphs present the mean values for the 
two selected positions within the house (Figure 2), first in the family room and 
second in the master bedroom. The vertical axis represents the averaged three 
dimensional values of the selected nodes at 1.5 meter above the floor plan of the 
selected positions. By the first two minutes the temperature of both rooms decreases 
considerably more than 2 degrees; however the temperature drops down more 
slightly between the second and forth minutes and finally reaches a nearly steady 
state and remains relatively constant during the last two minutes. Given the changes 
of the air temperature, the simulation was considered steady state when the changes 
in the temperature of the two selected positions within the house were less than 0.5% 
in the last 20 iterations.  
Figure 14 indicates that first, the ultimate temperatures of the two positions 
slightly decease to 30.2°C, which is still higher than the maximum summer range of 
thermal comfort band (23 -28 °C) from equation 1; second, assuming that the room’s 
temperature remains constantly 30.2 °C for the next minutes, the modelled 
temperature of the two rooms is compared to the actual temperature of the rooms at 
3:15 pm. The temperature sensors showed 32.4 °C for the master bedroom and 32.1 
°C for the family room, which are both higher than the simulated temperature (30.2 
°C). This indicates that the occupants had approached a different method of using the 
building opening in order to provide thermal comfort. They might have used the 
ceiling fans in conjunction with the natural ventilation to supply enough air 
movement within the rooms to provide comfort despite a higher temperature. 
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Figure 14: Average value of temperature at selected locations at 30 second intervals for the 
InsulLiving  
 
The air velocity inside the house slightly decreases from 1.05 m/s to 1 m/s 
(Figure 15) and rapidly reaches the steady state. The average velocity during the six 
minute simulation is about 0.93 m/s and 0.95 m/s for the master bedroom and the 
family room, respectively. 
 
Figure 15: Average value of temperature at selected locations at 30 second intervals for the 
InsulLiving 
 
The simulations in the section indicate that the use of natural wind is possible 
to reduce the indoor temperature in a specific condition where there is a breeze with 
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a lower temperature than indoor. However, during summer extremes or afternoon 
hours, when the outside temperature is higher that inside, using natural ventilation 
might have less or even negative effect on the indoor temperature.  This research 
merely assumed conditions where outdoor temperature was cooler than indoor and 
other circumstances assuming same temperatures or outdoor higher temperature are 
not studied. Hence, at this stage making statements regarding the feasibility of 
reducing indoor temperature by natural ventilation in aforementioned circumstances 
is not available and further studies are needed in this regards. 
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Chapter 6: Discussion 
Our research confirms that achieving a highly energy efficient house (arguably 
9 – 10 stars) is possible in sub-tropical south-east Queensland. This study explores 
the thermal performance and energy use of a potential net zero-energy house in SEQ 
regarding its design features in its first year of occupation. Several investigations 
were conducted to assess the house thermal comfort conditions and energy rating. 
The following are the main key findings of the study.  
First, the house had a rather good performance in its first year of occupancy, 
with 90% (family room) and 89% (bedroom) of time within the adaptive comfort 
band without the use of mechanical heating or cooling. Analysis of the thermal 
performance of a 9 star house in the same sub-tropical region revealed similar results 
(Miller & Buys, 2010). Although the house in their study achieved half a star less 
than InsulLiving as built, both buildings had similar thermal conditions in one year. 
A number of studies demonstrate that residents’ thermal comfort and preference 
differs in various environments (de Dear & Fountain, 1994; Parsons, 2010). Adaptive 
temperature can be accredited to factors such as behavioural adjustment, 
physiological acclimatization and psychological habituation or expectation (Brager 
& de Dear, 2001). Other research has discovered that age, gender and economic 
group are factors which affect the thermal comfort perceptions of residential 
buildings (M.Indraganti & K.D. Rao, 2010). Occupants’ sensation of the indoor 
environment is a significant factor which leads to differences in indoor temperature 
ranges and associated building energy demands. The InsulLiving house occupants, 
two adults and two young children, would conceivably demand different comfort 
conditions to other family types. For example, as previously mentioned, the portable 
heater was used in the infant’s bedroom during this autumn and winter, decreasing 
the hours the room temperature would likely have been below 18
o
C.  It is likely that 
this heating won’t be required in subsequent years (e.g. no heater was required in the 
other child’s bedroom). This study has shown that these occupants selected when and 
to what extent, they would use heating and cooling devices to modify the indoor 
thermal environment.  
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Second, given the in depth investigations on thermal performance of the case 
study in this research (Figure 5 and Figure 6), it is arguable that a high energy rated 
building does not necessarily provide a suitable thermal performance during weather 
extremes. As a similar investigation on low energy offices in Germany indicated, 
passive cooling strategies (earth-to-air heat exchanger and/or night ventilation) 
provide suitable thermal conditions in these buildings, but during extreme 
meteorological conditions, these low energy buildings encountered thermal comfort 
issues (Pfafferott, Herkel, Kalz, & Zeuschner, 2007). It needs to be emphasised 
though, that in similar case studies these high energy rated buildings have proven to 
still have a better performance compared to conventional types (Henze, Pfafferott, 
Herkel, & Felsmann, 2007). 
InsulLiving was designed and built with the purpose of being a step toward 
zero energy housing and numerous methods were embedded in it to achieve this 
goal. However, during the hottest and coldest days, the house appeared to struggle to 
provide acceptable comfort for these occupants without resorting to heating and 
cooling devices. As previously shown in Figure 5 in the hottest day of summer the 
main family room was overheated from 9 pm to 7 am and for the rest of the day, the 
family room had a quite high temperature (max  2  ). These temperatures may be 
unsuitable  for young children as they have a narrower thermal comfort condition 
than healthy adults (Parsons, 2010). The residents appear to have managed their 
comfort on this hot, humid day by cross ventilation and use of the ceiling fans. 
(NatHERS assumes several actions, such as opening the windows or using ceiling 
fans to lessen or eliminate the effects of overheating).  
Third, in a conditioned situation on a hot day, the air conditioner was operating 
for a long period (7am – 8pm). Continuous use of the air conditioner in the hottest 
day presents challenges for electricity distributors especially during network peak 
demand hours which usually occur in this region between 4 to 8 pm. To avoid high 
cooling energy use during peak hours, it is recommended to take actions for 
evacuating the hot air from the building before the house becomes hotter 
(Department of Resources Energy and Tourism, 2011). Also during peak hour and as 
an alternative to air conditioner use, putting on light clothes and moving to outdoor 
shaded areas (alfresco or porch) is suggested (de Dear & Brager, 2001).   
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Additionally the difference between the actual indoor and outdoor temperatures 
and the software prediction demonstrated that the application of TMY files as one of 
the software inputs is not precise enough to evaluate a house’s thermal performance, 
as these weather files comprise average meteorological data of around 30 years. 
Therefore, the comparison of thermal condition of indoor spaces especially in 
weather extremes would have considerable disparities.  
The psychometric chart (Figure 9) shows that most days in July and December 
are inside the comfort zone. On the few hot days in December which are out of this 
zone, the indoor air movement created by ceiling fans is a good option for enhancing 
comfort whilst decreasing the air conditioning need.  Further research is needed to 
determine whether there is a convincing argument for summer dehumidification 
and/or winter humidification for this climate.  What is needed, however, is a better 
understanding of the synergies between temperature and humidity and adaptive 
comfort.  Earlier research which  assessed the thermal performance of residential 
buildings in different Australian climates based on ASHRAE comfort standards used 
quite different temperature and humidity boundaries (Soebarto, Williamson, Radford, 
& Bennetts, 2004). The psychometric chart introduced in this research includes 
firstly, the adaptive temperature band for this climate zone (18-28°C) and secondly, 
recommended relative humidity (30-70%) for indoor spaces by (Brown, 1997). This 
novel concept has not been previously applied to the assessment of the thermal 
performance of Australian homes and needs to be rigorously examined in other 
houses in this climate zone and in housing in different Australian climate zones and 
under different occupants’ behavioural traits.  
Next, analysis of the InsulLiving house showed that it achieved the highest star 
rating applicable for this climate zone for heating and cooling, but did not achieve 
overall net-zero energy balance for all electrical services during this first year of 
monitoring. Although the house was not successful in reaching a zero energy 
definition in its monitoring phase in terms of energy type and time of monitoring, it 
performed really efficiently in comparison with housing in the region (Table 11) in 
terms of seasonal energy consumption in 2012 (Energex, 2013). Values in the table 
are the net used electricity. As mentioned previously, the main winter heating load 
for the case study house was related to demographic issues (i.e. the thermal needs of 
an infant – and of a parent tending to an infant’s needs during the night) and it is 
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highly likely that the same heating load would not exist next winter (based on this 
family’s behaviour).  Second, neither data set takes into account the use of gas for 
household services (for space heating, cooking or water heating), so a direct 
comparison is not reasonable without knowing what services are / are not included in 
the overall figures for regional housing.  However, despite this, the InsulLiving 
house performance in both winter and summer could likely be improved with 
occupant education on how to enable or disable heat transfer into particular zones 
(e.g. operating windows and using internal and external shading devices).  An 
iterative design approach, using simulation tools to inform the performance of each 
zone within the house, could also have resulted in refinements to the overall design 
to optimise passive solar potential.  
More, the star rating regulations by NatHERS is assumed in a residence with 
all living and sleeping spaces being conditioned, while this study showed that in a 
four bedroom house with four occupants, only two rooms required conditioning for 
some days of a year. Hence, this finding raises the question: “Is the assumption of 
conditioning all rooms necessary in star rating of a residential building?” Further 
investigations are needed in order to be able to respond to this question.  
 
Table 11: Comparison of seasonal net energy use of InsulLiving with other SEQ houses  
(*values for InsulLiving summer is for 2013) 
 
Net daily average consumption (MJ/person) 
Time InsulLiving SEQ houses 
Spring  2012 7.35 22.75 
Summer  2012* 13.60 24.42 
Autumn  2012 8.51 23.87 
Winter 2012 17.73 25.16 
 
 
During this study two different energy forms were delivered to the building - 
gas and electricity – yet gas usage was not metered and billing data has not been 
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available.  This means that evaluating the entire household stationary energy balance 
has not been possible. Further study is needed to investigate the total end use energy 
as well as the CO2 emission of the house from both gas and electricity resources to 
examine net zero energy house definitions in more detail.  An energy cost assessment 
for the house was also not possible at this stage because of several changes to 
Queensland residential energy tariffs during the monitoring period.  
Lastly, in this research the house was modelled and simulated in the Fluent 
software to understand the air movement patterns and its effect on the indoor air 
temperature. The results show a higher temperature in the house than the maximum 
summer range of thermal comfort band (23-28°C).  
 As no practical experiment was available during this research, the result is 
compared with the reviewed literatures in Table 2 in order to realize the acceptability 
of the findings by the occupants. Table 12 precisely compares the results of the 
simulation for the family room and the master bedroom with the relevant research. 
Comparing of the findings indicated that the results of this simulation are fairly in 
accordance with (Enomoto, et al., 1992) and (Candido, et al., 2010)  findings, 
although the latter experiment specifies a higher range of relative humidity (78-
84%).   
   
Table 12: The mean temperature, speed and humidity of the family room and the master bedroom 
 Air temperature (°C) Air velocity (m/s) Relative humidity (%) 
Family room 30.2 0.95 45 
Master bedroom 30.2 0.93 NA 
Enomoto, Kubo et al 30 0.90 78 to 84 
Candido, De Dear et al 30 1.1 to 1.64 50 
 
Moreover from the CFD simulation results the effect of the building geometry 
on the air flow pattern and indoor temperature is recognized. Temperature counters 
in Figure 12 (section A-A and B-B) clearly show that the air layers close to the roof 
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have a higher temperature than the lower layers of the air and the high ceiling of the 
house prevented the inhabitants from experiencing these higher temperatures (i.e. 
they were above head height).  
There were inabilities in this study to measure real airflow data at the outlets and 
through the building to help validate the results found using CFD. More 
future studies will be required to obtain actual airflow levels and velocities to 
validate the results of CFD natural ventilation models.  
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Chapter 7: Conclusions 
A house with energy efficient construction and renewable energy technologies 
in south east Queensland was monitored to assess if it could achieve a net zero 
energy goal in its first year of occupation. Data from field measurements and 
computational simulations highlighted that the house had an excellent performance 
during most of the observation period.  
The thermal performance of the house confirmed that although the house did 
not show adequate comfort performance during weather extremes, the family room 
and one of the bedrooms exhibited a very high proportion of the year within the 
comfort band.  
The electrical energy balance of the house (used and produced) and the portion 
for cooling and heating compared with building regulatory requirements and 
simulation results highlighted that the energy used for heating and cooling the house 
was less than simulated and the house achieved the highest possible rating for 
thermal performance for this climate zone. This indicates that similar building 
construction could be highly energy efficient in this climate.   
The analysis of the house energy data demonstrated that the house did meet the 
definition of net zero energy on an annual and monthly basis for lighting, cooking 
and hot water and for 70% of days for lighting, hot water and cooking services.  
A novel thermal comfort zone was applied to the psychometric chart. The new 
comfort zone was defined by two factors: first, the relative humidity from the 
Australian building code for indoor environment; second, the extended comfort 
temperature band introduced in the chapter 4. The psychometric chart in this study 
signified that the thermal comfort of the house’s occupants in December and July 
was inside the extended comfort zone for about 70% of this time.  
The house capacity for the use of the natural ventilation was studied, where a 
model of the house in Fluent software was created for a hot day in 2013 and no air 
conditioner and ceiling fan was used. The results explained that with the introduction 
of slightly cooler outdoor breezes, the indoor temperature slightly decreases, 
although the final temperature of the house was higher than the summer extended 
72 Chapter 7: Conclusions 
comfort band. Occupant comfort sensation was not evaluated in this research 
although the outcome of the simulation was compared to the related researchers. The 
results were reasonably in an agreement to the previous studies.  
Analyses on the InsulLiving house proved that a near zero energy house 
generally has an efficient performance in a year but does not necessarily provide a 
suitable thermal performance during weather extremes. During these critical times 
the house in essence requires its occupants to adequately operate it, as at this stage 
more energy savings are highly depend on occupant behaviour. 
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